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Summary / Resumen

The most widely studied family of functional materials is that of perovskites, with ABO3;
stoichiometry. Recently, rock-salt ordered A;BB'Os double perovskites and more complex
AA'BB'Os compounds have shown the coexistence of two ferroic orders. Despite their similar
chemical formula, ABO3; and A;BB'Os ordered corundum derivative structures have been lees
explored, though they can achieve not only ferroelectricity but also multiferroicity. High
pressure can induce phase transitions from the corundum derivatives to the denser perovskite
structure, thus relating two phases with potential functional interest.

In this context, this study aims the synthesis and structural characterisation of Mn2MSbOs (M =
Cr, Fe and R - rare earth) oxides, along with the determination of their structure-properties
relationship.

Synthesis considerations.

The synthesis of these oxides at moderate pressures (~ 3-5.5 GPa) yields the formation of

ordered corundum derivatives, e.g. ilmenite-type (ILO, R3) or NisTeOs-type (NTO, R3)
structures. Otherwise, the use of higher pressures (~ 7-12 GPa) induces the crystallisation of
Mn,MShOs with a B-site rock-salt ordered double perovskite (DPv, P21/n) structure. It is worth
noting the special case observed in the synthesis of Mn,RSbOs compounds:

i) at room pressure, these oxides crystallise with a pyrochlore A;B,O; structure with an
uncommon cationic stoichiometry (Mng.ssR1.34Mno 66Sb1.3407).

ii) when synthesised under high pressure, the largest R** cations (La, Pr, Nd and Sm) stabilise a
novel perovskite derivative that combines the simultaneous order of A/A' and B/B' cations into a
so-called double double perovskite (DDPv, P4./n) structure. This MNRMnShOs is the first
example of a perovskite showing a rock-salted motif among B (Mn?*) and B' (Sb®*) cations and
a columnar arrangement of A (Mn?") and A' (R*) cations. This DDPv structure is notable for
having five different cation sites, three of them occupied by Mn?* in tetrahedral, square planar
and octahedral environments. Compositional substitutions by smaller R-cations lead to
conventional monoclinic DPv (MnR)MnSbhOs. Among them, R = Eu and Gd modifications are
studied in this work, where Mn?* and R®* are disordered over the A sites while Mn?* and Sh®*
are rock salt ordered at the B sites.

An important conclusion from this experimental work is that the crystallisation of Mn,MSbOs
into different ordered corundum derivatives can be controlled. The gradual size enlargement of
M3* cations has been found to induce increasing exchange proportions among A- and B-site
cations. This process yields the crystallisation of ILO polymorphs for Mn,MSbOg¢ (M = Cr and
Fe) and an NTO-structure for Mn,ScSbhOs (better formulated as MnScMnShOs). Details of the
structural characterisation for Mn,MSbQOs compounds with M = 3d" (Cr®*, Fe*"), 3d° (Sc**) and
4f" (R®) are discussed along chapters 111, IV and V respectively.

Structure-magnetic properties relationship.

Exploring the corundum structure, there are octahedral-site cations sharing edges within a (00z)
layer (A) and faces (B) along the c-axis. Therefore, up to three different superexchange
magnetic interactions operate in these ordered-corundum polymorphs: 90° A-O-A (edge-
sharing), 90° A-O-B (face-sharing) and 90° B-O-B. On the other hand, direct A-B, A-A and B-B
interactions can compete with the superexchange mechanism. ILO-Mn;FeSbOs and ILO-
Mn,CrShOg have antiferromagnetic (AFM) couplings between the ferromagnetic (FM) Mn?*
and M3 sublattices below Ty=260 K and 60 K respectively. The presence of two extra electrons
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in the eg-orbitals of Fe3* vs. Cr** strengthens the Mn-M (A-B) interactions, which results in the
increase of Tn. However, the presence of a number of magnetic interactions different in sign and
strength induces a strong magnetic frustration upon cooling, giving rise to complex helical
magnetic structures at low temperatures. That of Mn,CrSbOg is notable for showing a strong
temperature dependence of its incommensurate propagation vector. On the other hand, the
diamagnetic character of the Sc** (3d°) cation into the NTO-Mn,ScShOs compound suppresses
the frustration observed in the ILO polymorphs, thus stabilising an AFM structure.
Unexpectedly, the large site-selective antisite exchange of Sc with one of the Mn positions acts
as an unconventional origin of a net FM component.

Magnetic interactions in DPv structures are usually governed by the 180° B-O-B' superexchage
interactions, but the diamagnetic character of the Sb>* (B') cations prevents this coupling. As a
consequence, Mn-O-M (A-O-B) are the strongest interactions in Mn,MSbOs DPv. The
electronic configuration of the M3* cation and the <Mn-O-M> angle will determine the strength
and sign of these interactions. AFM behaviours are observed for M = Sc®*, Cr3* and Fe®", but the
increase in the number of electrons in M = Fe** induces the frustration between magnetic
interactions of equivalent strength but opposed in sign, thus originating an elliptical helix
magnetic structure at low temperatures.

The magnetic behaviour of the DPv and DDPv MnRMnSbOs polymorphs is rather complex due
to both the emergence of 4f-3d magnetic interactions and the presence of magnetic anisotropy
introduced by the rare earth elements. The negative Weiss temperature shows that AFM
interactions are dominant in these perovskites. The DDPv phases with magnetic R%" cations
show consecutive magnetic transitions, in general arising from the independent magnetic order
of Mn?" and R®* sublattices. Moreover, the strongest rare earth anisotropy has been found to
induce the spin-reorientation of the Mn?* sublattice in MNNdMnSbQs.

Powder neutron diffraction data were used to explore the low temperature magnetic orderings in
all these MnMShOs compounds.

Finally, the magnetic behaviour of MnggsR1.34MnoesSb13407 compounds is governed by the
AFM ordering of the spins in a pyrochlore structure. It induces a magnetic frustration that ends
in a glassy behaviour. The analysis of the entropy variation (ASt) through this magnetic
transition shows a large magnetocaloric effect, as high as |AST | ~ 20.7 J/kgK at 8 K for a
magnetic field increment AH = 9T in the R = Gd compound.

The relation between the structural and magnetic evolution of the Mn.MShQs family is detailed
along this work, providing the basis for the development of new perovskite and corundum
ordered derivatives in the search for new functional materials.
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Los compuestos con estructura tipo perovskita, de férmula general ABOs; y sus polimorfos
ordenados (AA'BB'Og) han sido ampliamente estudiados debido a que pueden presentar
coexistencia de dos o méas Ordenes ferroicos. Sin embargo, los compuestos con estructuras
derivadas del corinddon han suscitado un menor interés a pesar de poseer la misma
estequiometria ABOs/ A;BB'Os y similar potencial como materiales multiferroicos. Ademas, la
utilizacion de altas presiones permite inducir transformaciones de fase entre estos polimorfos.

En este contexto, el principal objetivo de este trabajo es la sintesis, caracterizacion estructural y
determinacion de la relacion estructura-propiedades en los 6xidos Mn,MShOs (M = Cr, Fe Scy
R-tierra rara-).

Sintesis de los compuestos Mn,MShOs.

La sintesis de estos 6xidos a presiones moderadas (~ 3-5.5 GPa) conduce a la formacion de
compuestos con estructuras derivadas del corindén con distinto orden catidnico: ilmenita (ILO,

R3) o tipo-NisTeOs (NTO, R3). El empleo de presiones mas elevadas (~ 7-12 GPa) produce la
estabilizacién de estructuras mas compactas, como la perovskita, en la que Sb y M adoptan un
orden tipo-NaCl originando una doble perovskita (DPv, P2i/n). Entre estos compuestos,
conviene puntualizar el particular caso de Mn;RSbOg:

i) su sintesis en condiciones de presién ambiente, origina la formacion de estructuras tipo-
pirocloro con la inesperada estequiometria Mno esR1.34MnNo 66SD1.3407.

ii) la sintesis a alta presién de los compuestos Mn;RSbOs con R= La, Pr, Nd y Sm produce la
formacion de un nuevo tipo de perovskita, que combina orden catiénico en ambas posiciones (A
y B) en una doble-doble-perovskita (DDPv, P4./n) cuya formulacion mas adecuada es
MnRMnSbhQs. Esta nueva estructura, nunca observada antes en estos compuestos, presenta
orden tipo-NaCl en las posiciones B entre los cationes Mn?*y Sh%* y orden columnar entre Mn?*
y R¥ en las posiciones A. Es destacable que esta DDPv presenta cinco posiciones catiénicas en
sitios cristalograficos independientes, tres de ellos ocupados por Mn?* en coordinacion
tetraédrica, planocuadrada y octaédrica. La sustitucion de R por tierras raras de menor tamafio
(R%* = Gd y Eu) conduce a la formacién de DPv convencionales, (MNR)MnSbQs, donde Mn?* y
R3*se encuentran desordenados en la posicion Ay Mn?*y Sb** mantienen el orden tipo-NaCl en
las posiciones B.

A partir de los resultados obtenidos se puede concluir que es posible controlar el tipo estructural
de los compuestos Mn.MSbOg atendiendo a las condiciones de sintesis y al tamafio del cation
M. El progresivo incremento de tamafio de los cationes M3 induce una creciente proporcion de
intercambio catiénico entre las posiciones A y B de estos 6xidos, produciendo la cristalizacion
de MnMSbOs con estructuras tipo ilmenita (M = Cr y Fe) y tipo-NTO (M = Sc, mejor
formulado como MnScMnShOg). Los detalles de la sintesis y caracterizacion estructural de los
compuestos Mn.MShOg con M = 3d" (Cr®*, Fe3*), 3d® (Sc®") y 4f" (R*) se describe en los
capitulos 11, IV y V respectivamente.

Relacion estructura-propiedades magnéticas

Una descripcion sencilla de la estructura tipo-corindén permite diferenciar octaedros que
comparten aristas con otros situados en la misma capa (00z) (A) y una cara con un octaedro de
distinta capa (B) a lo largo del eje c. Como consecuencia de esta eleva conectividad, los
polimorfos ordenados derivados de esta estructura presentan tres tipos de interacciones
magnéticas de superintercambio a través de oxigeno: 90° A-O-A y 90° B-O-B (ambas a través
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de arista) y 90° A-O-B (compartiendo cara). Ademas, estas interacciones compiten con las
interacciones directas A-B, A-A y B-B. Los compuestos ILO-MnzFeShOgs y ILO-Mn,CrShOs
presentan el acoplamiento antiferromagnético (AFM) de las subredes ferromagnéeticas (FM)
Mn2*y M3 por debajo de Tn = 260 K y 60 K respectivamente. La diferencia existente entre sus
Tn es debida a que el Fe®* posee 2 electrones desapareados en los orbitales e, que aumenta la
intensidad de las interacciones Mn-Fe. Sin embargo, la coexistencia de varios tipos de
interacciones magnéticas que difieren en signo y magnitud, produce una frustracion magnética
que da lugar a estructuras magnéticas inconmensurables a baja temperatura. El caso del
compuesto ILO_Mn,CrSbOs es especialmente relevante, ya que el vector de propagacion
presenta una fuerte dependencia con la temperatura. Por otra parte, la presencia del cation
diamagnético Sc** (3d°) en el NTO_Mn,ScSbOg suprime la frustracion observada en las
ilmenitas. En su lugar, estabiliza un orden AFM entre los espines de Mn?*, con una débil
componente ferromagnética originada como consecuencia del desorden selectivo entre dos
cationes de las posiciones Ay B.

Las principales interacciones magnéticas en los polimorfos tipo DPv son de superintercambio a
180° B-O-B'. Sin embargo, debido al caracter diamagnético del Sb** (B'), las interacciones Mn-
O-M (A-O-B) cobran mayor importancia en Mn,MSbQOg. La naturaleza e intensidad de esta
interaccion vendra determinada por la configuracion electrénica del cation M3* y por el angulo
de esta interaccion. Se ha observado un comportamiento AFM en las perovskitas Mn.MSbOs
con M = Sc, Cr y Fe, si bien es destacable que Mn,FeSbOg presenta una estructura magnética
helicoidal inconmensurable a baja temperatura.

El comportamiento magnético de los polimorfos DPv y DDPv_MnRMnSbOs presenta una alta
complejidad debido a la anistropia magnética asociada a la tierra rara y a la presencia de
interacciones 4f-3d. Todos ellos presentan una temperatura de Weiss negativa, lo que indica la
predominancia de interacciones AFM. En términos generales, las DDPv que contienen cationes
R3" paramagnéticos presentan dos transiciones magnéticas debido al orden independiente de las
subredes de Mn?" y R3. Ademas, se ha observado la reorientacion de los spines de Mn?*
inducida por la fuerte anistropia de R en MnNdMnShOs.

Las estructuras magnéticas de todos los compuestos han sido determinadas por difraccién de
neutrones a baja temperatura.

El comportamiento magnético de los compuestos MngesR1.3sMnoesSb1 3407 esta gobernado por
el orden AFM de los espines dentro de la estructura pirocloro. Esto produce una frustracion
magnética que origina un comportamiento tipo vidrio de espin. La variacién de entropia (ASr)
producida en esta transicion toma el valor de | ASt|~ 20.7 J/kg K a 8 K, para un incremento de
campo magnético AB = 9T para R=Gd, que puede considerarse como un efecto magnetocalérico
elevado.

La determinacion de la relacion entre las evoluciones estructural y magnética de la familia de
compuestos MnMSbQs, detallada a lo largo de esta tesis, permitird desarrollar nuevos
materiales de interés funcional con estructuras derivadas de las tipo-perovskita y —corindén.
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l.- Introduction 1.-Interest and background

1.- Interest and background

The structural and functional versatility of ABO3 oxides make them interesting not only from the
fundamental point of view but also for their potential applications. Regarding the fundamental
aspects, the question to be answered is which structure will adopt a given chemical composition under
different pressure (P) and temperature (T) conditions. On the other hand, their potential applications
will be governed by their structure-properties relationship. A wide variety of structures are known for
ABOs compounds, arising from both different anionic packings and different arrangements of the
cations to occupy the interstices between anionic layers. However, predicting the resulting structure
for a given ABOz composition is not a trivial topic as a number of factors including lattice energy
(Coulombic contribution), crystal-field energy (electronic contribution) and geometric packing
effects (steric contribution) affect the coordination number and/or the nature of M — O bonds [1]. The
ionicity / covalency of these bonds is decisive on the lattice and crystal field stabilisation energies
and the geometric effects stabilising the structure. Moreover, not only compositional but also external
variables, such as synthesis conditions (P, T and time), must be taken into account, what adds kinetic
considerations to thermodynamics.

The consequently high complexity has motivated several approaches to develop a good method for
predicting the structure of ABO3; compounds [1-6]). These are based on general empirical rules that
allow one to predict the structure in ionic, or predominantly so, compounds. The most commonly
accepted criterion was put forward by V. M Goldschmidt (1926), who noticed that the cell dimensions
of a perovskite (Pv) structure can be determined from the framework of linked BOs octahedra and the
size of the A - site cation, which occupy the cuboctahedral void. The ideal relation between the radii
of A - and B - site cations and the anions (X) is defined in equation Eqg. 1:

r,+r, =+/2(r, +r,)Eq. 1

In the general ABO; case, X is oxygen, B is the 6-fold coordinated cation and A is the large cation,
which for the ideal perovskite structure adopts a 12-fold coordination. Since their ionic radii are
dependent on their charge and coordination environment, Eq. 1 is usually corrected by including the
so-called "tolerance factor" (t), to allow a certain tolerance of fit, so that the modified ionic relation
is expressed as in equation Eq. 2:

r,+r, =tv2(ry + 1, )Eq. 2

Therefore, t, which is close to unity, will change with the chemical composition, thus providing a
certain control on the manipulation of the structure which will be stabilised. The main ABQOs structural
types are summarised in Figure 1.1 attending to their t-values. The ideal cubic Pv structure is only
found if tis very close to unity while other distorted Pv occur for 0.75 <t< 1. When t > 1, AOs layers
are hexagonal close-packed and BOsg octahedra share faces along the hexagonal c-axis. If t is lower
than 0.75 different structures appear, generally corundum (a-Al>O3) and its ordered derivatives (e.g.
ilmenite-, LiNbOs- or NisTeOs-type) or, exceptionally, bixbyite-type (a-Mn20s) when the A-site
cation is rather small. Other examples of ABOs structures are the Rh.Os-11 and CalrOs-type, renamed
as post-perovskite since experimental evidences showed that MgSiOs perovskite [7] transforms into
a new high-pressure layered form with CalrOs-type structure. In general terms, high pressure
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overcomes steric atomic interactions and can induce phase transformations into denser structures
[8,9]. For instance, corundum transforms into the Rh,Os-11 structure [10] and then to post-Pv at higher
pressure[11]. The cubic bixbyite a-Mn,Os transforms into an unquenchable post-Pv structure above
28 GPa [12,13], but high pressure-high temperature (HPHT) synthesis also allows the isolation of
different polymorphs with corundum- and distorted Pv-type structures at 15 GPa and ~ 18 GPa
respectively [14]. On the other hand, subsequent phase transitions are reported for the corundum-type
Fe20s to Pv and post-Pv structures [15]. ScVOs bixbyite irreversibly transforms into Pv [16] and the
non-polar MnTiO; ilmenite phase adopts an acentric LiNbOs-type structure at moderate pressures
and a Pv one at higher pressures [17,18].

The polymorphism observed in ABO; ternary compounds can also be extended to quaternary
A;BB'Os or AA'B,Os oxides. In fact, there are plenty of examples in the literature for chemically
controlled structural transitions, where the progressive substitution of a cation in the structure by
another one induces structural variations and distortions [19,20] which can evolve towards the
stabilisation of an ordered derivative of the parent structure [21,22] or to a different structural-type
[23]. The charge and size mismatch between those exchanging cations is the most important factor
determining the long range ordering in compounds which maintain the same structural type [24].
However, synthesis conditions, oxidation state stability or cation bonding preferences can also affect
the degree of ordering [25,26]. Hence, not only different polymorphs of the same compound but also
isostructural compounds may present completely different properties as a result of their compositional
substitution.
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Fig 1.1 Schematised polymorphism in ABOs oxides classified in terms of the tolerance factor (t).
(+P) included in Rh,03 — Il and post-Pv polymorphs indicates the requirement of high pressure
synthesis. The main perovskite and corundum ordered derivatives are included in the right-hand side.
Coloured titles indicate the structures studied in this work.
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In the next sections, the crystal structures of the compounds synthesised during this work are
described. The structural derivatives arising from cation ordering phase transformations are also
investigated. The most extended example of ordering in quaternary compounds belongs to the
perovskite family [27,28]. Upon going from the ternary ABO; Pv to the quaternary ABB'Og or
AA'B,O¢ oxides, B- or A-site orderings can be expected as a function of the cation size and charge
mismatch between B/B' and A/A' pairs respectively. The different A- and B-site cation orderings
could be further combined by introducing two aliovalent A-site cations in an already B-site ordered
structure, i.e. AA'BB'Oe.

Regarding the Mn,MSbQOg general composition studied along this work, it is worth noting that high
pressure conditions are often needed to stabilise the small Mn?* cation into the large A site of the Pv
structure [29-36]. The use of moderate pressures leads to the formation of the more stable corundum
ordered derivatives. In particular, quaternary oxides with the ilmenite- and NisTeOe-type structures
have been isolated in this work [32,33]. The relative stability of these related structures is carefully
examined and thermally induced phase transformations have been encountered from the metastable
high pressure form to the most stable polymorph. A final section concerning site exchanging cation
substitutions is included. By this, the pyrochlore compounds discussed in chapter V, with unusual
uncompensated mixed charge in both A and B sites, are related to the main Mn,MShQOg oxides starring
this work.

Finally, the interest of these compounds from the materials science point of view is also discussed,
establishing by that the background for the current study and setting the basis for the subsequently
proposed objectives.

1.1 - Perovskite structure
1.1.1 - General overview

One of the most commonly studied ABO; families of compounds is that crystallising with the
perovskite structure. It can be described as a cubic close packing (ccp) of oxide anions with ¥ of them
substituted by A cations in an ordered manner. Oxygens are placed in the eight corners and four faces
of the cubic unit cell with the A cations centring the other two faces. The B cations occupy one of the
four available octahedral voids, that which is not adjacent to the A cations. Another description of the
perovskite structure is a 3D framework of BOg octahedral units sharing corners along the three
crystallographic axes originating cuboctahedral voids in between eight octahedra, which are occupied
by 12-fold coordinated A cations (AO12).

Geometric distortions in perovskites

The ideal perovskite structure, crystallising in the Pm3m space group, is exemplified by the mineral
Tausonite SrTiOs [37]. The ideal cubic perovskite is expected to crystallise for compositions where
the Golsdmidth relation favours a tolerance factor t = 1. However, as the A — site cation decreases in
size for a constant rg or as B is substituted for a bigger element with remaining ra, different lengths
are achieved by the corresponding B — O and A — O bonds thus giving rise to irregular BOg and AO1
polyhedra. These alterations induce a stress that destabilises the ideal structure, producing a distorted
one and a further decrease of t down to the limit value of t = 0.75 [28]. As a consequence of this
geometrically induced destabilisation, the A — site coordination number ranges from 12 down to 6



l.- Introduction 1.-Interest and background

and BOs octahedra develop a cooperative rotation about one, two or the three crystallographic axes,
commonly known as tilt. Depending on the relative octahedral rotation with respect to the adjacent
polyhedra, different tilt systems can be achieved, as it was early investigated by Glazer [38], Megaw
[39], Aleksandrov [40], O’Keeffe and Hyde [41,42] and lately reviewed by Woodward [43], Howard
[44] and Stokes [45]. However, the standard notation most commonly used to describe octahedral
tilting is that described by Glazer (1972, [38]). Concomitantly to this distortion, the crystal symmetry
is reduced, giving rise to rhombohedral , hexagonal , tetragonal (PbTiO3 [46]), orthorhombic (GdFeOs
[47] and in fact, the perovskite mineral itself CaTiOs [48]) or monoclinic (BiMnO3 [49]) derivatives.

In addition to these tilting distortions, other factors could appear, such as cooperative octahedral
distortions or ionic displacements from the centre of the octahedron [50]. The first of these
phenomena can be induced through shortening or elongating effects on the B — O bonds. Such effects
may arise from metallic electronic configurations favouring anisotropic octahedral environments,
e.g. Jahn-Teller distortions as those commonly observed for Mn®" (d*) or Cu?* (d°). A different origin
for distortion is exemplified by the charge-ordered insulator BaBiOs, in which bismuth atoms appear
in two different oxidation states (3+ and 5+). There are two different bismuth-oxygen bond lengths:
the shorter one is attributed to Bi®*-O bonds and the larger one to Bi**-O bonds [51,52]. It is also
worth mentioning that, upon K or Pb doping, Bai-xMxBiO; perovskite at A and B sites respectively,
it becomes superconducting [53,54]. In the case of A site, severe distortions can be induced through
the insertion of cations containing lone-pair electrons, as it occurs for Pb?* or Bi®* cations, which
induce asymmetric A — O bonds of different strengths. These cooperative distortions produce the
breaking of crystallographic symmetry constrains allowing thereby spontaneous electric polarisation
to occur, which provide access to new ferroelectric and multiferroic materials.

Cation ordering in perovskites

When A- or B- site cations are half substituted, different long range cationic orderings can be
achieved, giving rise to a large variety of derivatives defined with the generic formulae AA'B,Os or
A;BB'Os, also known as double perovskites (DPv). In general terms, these compounds are governed
by the same geometric and electronic restraints as simple ABO; perovskites, but the higher
complexity of their structures induces the emergence of more complex properties including
superconductivity, magnetoresistance, ferroelectricity, multiferroicity and thermoelectricity among
others [54-58].

The main types of ordered DPv derivatives are summarised in Figure 1.2 and analysed in detail along
this section:

- A2BB'O¢_double perovskites: The most influent factor determining the type of B — site
ordering is primarily the charge difference between B and B' cations and secondarily their size
difference [24]. It is generally assumed that when the charge mismatch between B and B' cations is 0
or 1, no long range ordering exists at B site; otherwise, when the charge difference is 3 or higher,
only the ordered structure is observed. There are three B-cation ordered sublattices known for double
perovskites: rock-salt (RS), columnar (C) and layer (L) which are schematised in the upper part of
Fig. 1.2.
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The most common B-cation arrangement is the RS-type, often arising from the intermittent location
of a large cation with low oxidation state and a small one with higher oxidation state, minimising by
that their steric and electrostatic repulsions.

The ideal RS_DPv crystallises with a cubic 2a, unit cell in the space group Fm3m in the absence of
any BOs and B'Os octhahedral tilts. However, lower-symmetric structures reflecting octahedral
tiltings normally occur. For instance, the symmetry lowers through tetragonal (e.g. 14/m Sr,FeB'Og
derivatives with B' = Mo or Os [59,60]) down to monoclinic distorted ~ V2 a, x ~ /2 a, x 2a, unit
cells within the P2:/n or 12/m space groups. Sr.xCaxFeSbOs system with x = 0, 1 and 2 constitutes a
good example of DPv crystallising in these space groups [61]. It is not always easy to distinguish
P2:/n from 12/m space groups through X-ray diffraction and the symmetry has to be confirmed by

means of zone axis microdiffraction patterns [62]. Ba,BiSbOs crystallises in the R3 space group,
with BiOs and SbOg octahedra ordered in a rock-salt configuration [63]. The ~ 97% of the reported
RS_DPv crystallise within these 5 space groups [64] although there are some other few perovskites

with 14/mmm and Pnésymmetries, such as Ba,CuUQg [65] and CaCusFe;Re;01, [66], where B-site
cations order in a rock-salt fashion.

However, A;BB'Os DPv with columnar and layered B-site cationic arrangements have also been
found [67]. For instance, NdSrMn®**Mn*Qg [68] and La,CuSnQOs [69] compounds were the first
columnar and layered B-site DPv respectively ever reported. Since the charge difference between B
and B' cations is only 1 in NdSrMn®*Mn** Qs and 2 in La,CuSnQOs and the differences in the ionic
radii are less than 0.12 A [70] in both compounds, these cannot still be considered the key factors
controlling the sublattice type.

Rock-salt Columnar Layer

B - site

A - site

Fig. 1.2. Main types of A — (bottom) and B — site (up) ordered AA'B,Os and ABB'Os double
perovskite derivatives. Blue and red octahedra represent different BOs and B'Og positions and black
and white spheres stand for independent A and A’ sites.
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Additional factors are thus expected to favour these columnar and layered types of ordering. The fifth
Pauling’s rule states that all ions of the same type tend to have the same environment in order to
optimise the bonding and electrostatic repulsions. Therefore, the most favourable situation is the RS
order, where each B-site cation is surrounded by six B' cations, thus minimising electrostatic
repulsions and keeping all the anion sites chemically and crystallographically equivalent. However,
as B is surrounded by 4 B' + 2 B in the columnar- and 2 B' + 4 B in the layered-orderings, non-
equivalent anion environments are created, which could be understood as a violation of Pauling’s
fifth rule. Hence, the electrostatic repulsions progressively increase making columnar and layered
arrangements gradually less stable. Nevertheless, the combination of B-site cations allowing
cooperative first order Jahn-Teller (FOJT) distortions, as Mn3* and Cu?* cations, can stabilise these
orderings as observed in the C_DPv LaCaMn*Mn*'Qg [71] and NdSrMn®*Mn*Os [68] and the
L_DPv La;CuSnOs [69] and La,CuZrOg [72] oxides.

- AA'B,Os double perovskites: Concerning the A — site orderings these are less common than
those observed at the B site because the oxidation state differential among A and A' cations is two or
less. Therefore, A — site cations are not as prone to order as B — site ones but when the A/A' size
mismatch is high enough to induce order the layered arrangement (see bottom right corner in Fig.
1.2) is preferred over the rock salted one. The differences of preferential order between A/A' against
B/B' sites is attributed to the presence of different anionic environments: the site of an oxide anion in
aRS_AA'B:0s is centrosymmetric, as it is surrounded by two A and two A' cations alternated in both
directions. Consequently, it cannot shift towards A/A' cations to optimise the bonding, i.e. A-O and
A'-O are forced to be the same, what induces a high destabilisation of the compound. In fact, up to
date there are only two examples of long-range RS_A — site ordered DPv compounds (bottom left
corner in Fig. 1.2), namely NaBaLiNiFs and Na:BaFesF12, and one example exhibiting just short-
range order (PbCaTi,Og) [67]. On the other hand, the layered configuration of A and A' cations creates
three distinct anion environments, allowing anion shifts to stabilise strains in the structure.
Consequently, RA'B20s compounds (where R is a rare earth) usually develop this kind of order [73].

As in the case of B — site ordered DPv, the columnar arrangement (middle part in bottom row of Fig.
1.2) has an intermediate stability between those of the RS_DPv and the L_DPv. The existence of
compounds exhibiting A-site columnar ordering is scarce although some of them, such as CaFeTi,Os
[74] and CaMnTi,0¢ [75], have been isolated. They show a a*a*c tilt system, which was initially
assigned to the orthorhombic Pmmn space group by Glazer [38], but these compounds surprisingly
crystallise within a more symmetric tetragonal structure, with P4,/nmc and P4,mc symmetries.
Among them, the Mn compound is notable for its polar space group, which-alews-its-ferroelectric
behaview.

Despite the unusual existence of A — site DPv compounds, these exotic orderings can be stabilised
through adequate octahedral tilting, anion vacancies or A — site vacancies [67]. -There are only four
tilt systems that allow to break the symmetry and create non-equivalent A sites. Two of them (a’0*b*
and a’hb*) have never been observed in a AA'B,Os DPv. a*a*a* is the most common tilt system
adopted by AA'sB4O12 cubic double perovskites, where A-site cations are ordered in two different
sites [76-82]. A-site columnar ordering is adopted by tetragonal DPvs with a*a*c tilt system, of which
only two examples are reported: CaA'Ti,Og (A' = Fe, Mn) [74,75]. Furthermore, as it is pointed out
in Chapter V, we have found a new type of ordered DPv that combines rock salt ordering at the B site

11
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with A-site columnar arrangement in the MNRMnSbOs double-double perovskites (DDPv) (R = La,
Pr-Sm) [83].

On the other hand, the presence of A — site vacancies increases the concentration of anions able to
shift towards A/A' cations and the existence of anion vacancies decreases the concentration of anions
not able to do it. Therefore, these two types of non-stoichiometry also stabilise the AA'B,Os double
perovskites, what justifies the latest interest on these materials.

- AA'BB'Og double-double perovskites: Once studied the different A— and B- site possible
orders, the next point to be considered should be devoted to check the available combinations among
them. Theoretical studies performed through group theory analysis revealed that a total of 147
possible phases resulted, including 26 ternary phases (i.e. A;BB'Os and AA'B,Os, just ordered within
one sublattice) and 93 quaternary (AA'BB'Og) ordered low symmetry phases plus 28 additional
possible arrangements with more than four positions allowed for each sublattice [84]. The resulting
doubly ordered superstructures exhibit tetragonal, orthorhombic or monoclinic symmetries, all of
them presenting a total of four types of possible combinations of both A and B sublattices, namely i)
1:1 (A-site) and 1:1 (B-site), i.e. AA'BB'Og; ii) 1: 1 (A-site) and 1:3 (B-site), i.e. A2A"BB'3012; iii)
1:3 (A-site) and 1:1 (B-site), i.e. AA'sB,B'2012 and iv) 3:1 (A-site) and 3:1 (B-site), i.e. AA'3BB'3012.

Despite the high number of possible combinations of A- and B-site orderings, only layered A— site
arrangement has been experimentally found to coexist with rock-salt B — site order up to date
[67,73,85], excluding the new MnRMnSbhQOg DDPv reported in chapter V of this thesis [83]. The
reason for the existence of a single type of AA'BB'Os perovskite oxide showing simultaneous
ordering at both sites must be the synergy of the highest possible degree of stabilisation within each
sublattice. The presence of rock-salt B — site order usually originates the tilt of BOg octahedra, which
is one of the stabilising factors for the A sublattice ordering. For instance, the rock salt ordering
among B and B' cations in the AA'BWOg compounds [73,85] produces two non-equivalent A sites
leading to a layered arrangement of A and A' cations. It originates a lowering of the crystal symmetry
that leads to the crystallisation of most of these compounds in the non-centrosymmetric P2, space
group, allowing thereby ferroic orderings to occur. Actually, 15 out of the theoretically modelled 56
phases arising from improper octahedral rotations are predicted to be improper ferroelectrics
[84,86,87].

As a consequence of the low stability of both columnar and rock-salt A— site orders, none of them
had ever been found in combination with any ordered B sublattice. Nevertheless, the discussed effect
of BOg tilting on the A sublattice would theoretically allow the synthesis of AA'BB'Os doubly ordered
perovskites with columnar A/A" motif. The synthesis of double-double ordered perovskites is not an
easy task, but it represents an interesting challenge for chemists, as finding new types of perovskite
derivatives would open up a new pathway to develop multifunctional materials. In fact, different
combinations have been stabilised in AA'BB'Os.x 0xygen deficient and AA'BB'Og.x A — site deficient
DPv. The challenge and functional interest now is to develop new types of stoichiometric ordered
derivatives, as the presence of A vacant positions partially defeats the potential spontaneous
polarisation and the introduction of oxygen deficiency perturbs the development of magnetic B — O
— B’ superexchange interactions.

12
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To sum up, the perovskite structure accepts a high degree of distortion, enabling the stabilisation of
perovskitic compounds for a wide range of A and B cations. In fact, it allows the stabilisation of
almost any stoichiometric mixture with the adequate A / B ionic radii or charge ratios. The charge
relation between both site cations in the ideal cubic simple perovskite is (A:B) = (2:4), but as
exemplified along this section it can stabilise (3:3) and (1:5) ratios [88]. The compositional variation
of the generic ABOs formula induces different ionic sites, orders and occupancies, originating diverse
types of double perovskites. The magnetic and electric behaviours can then be tailored by combining
different electronic environments through the insertion of transition metals and/or rare earths and
elements with lone pairs within the different crystallographic sites, thus giving rise to compounds
with potential applications such as sensors (piezoelectric Pb(Zr1xTix)Os [89]), magnetic memories
(ferromagnetic LaMnOs [90]), electrodes for Solid Oxide Fuel Cells (SOFCs) or Li* ion batteries (Li*
ion conductor (Lios-3xLaos+x) TiO3 [91]), magnetic detectors (superconductor Y13BazsCuOs.y [92]),
etc. Moreover, the combination of at least two of these properties within the same material, coupled
at the same temperature, provides access to new multifunctional compounds. For instance, the
magnetoelectric coupling allows changes in polarisation tailored by a variation of a magnetic field
and vice versa. Multiferroicity turns these materials optimal for their use in electronic devices as
electrically induced magnetic stores and read heads for hard disks (LaMnQOs.).

1.1.2 - Extrinsic factors: High Pressure and/or High Temperature conditions in perovskites

It is, however, worth noting that the chemical composition is not the only influent factor on the
structural symmetry of the perovskite family but synthesis conditions can also be used to allow access
to new compounds. Symmetry transitions are very common in perovskites upon heating as
consequence of changes in the tilt system [93,94]. In particular, the high pressure — high temperature
(HPHT) method is traditionally used to synthesise metastable structures, as it is the case of the highly
distorted perovskites and the corundum derivatives studied in this work. It also allows the stabilisation
of small cations at the A- perovskite sites, even for chemical compositions where t is below 0.75.
This is possible because the use of high pressures compress the unit cell, thus decreasing the volume
of the A site and making A — O distances short enough to create bonds [95]. This method is
reminiscent of that of the so-called chemical pressure [96] induced when substituting A by a smaller
cation under room pressure conditions, originating distorted perovskites. However, the smaller the
cation the lower its stability, and for a given t < 0.75 the perovskite structure cannot be stabilised at
room pressure.

HPHT synthesis has traditionally been used to obtain other metastable structures different from
perovskites such as Rh,Os-11, post-perovskite, bixbite, ilmenite, LiNbO3z and NisTeOs structures [97]
(see Fig. 1.1). Additionally, the increase of pressure can induce phase transitions among different
polymorphs [98].

Among the ABOs systems treated under HPHT conditions, Mn-containing double perovskites have
attracted an especial interest during the last years, due to their spin, charge and orbital degrees of
freedom, which induce complex orderings featuring their properties. Mn accommodates differently
into the A or B sites depending on its oxidation state, size and coordination environment preferences.
For instance, Mn** and Mn** (r¥' = 0.53 A and rV' = 0.645 A, respectively [70]) are only stable at the
B position, but Mn?* can be stabilised under high pressure conditions in the highly coordinated A site
of the perovskite structure despite its relatively small ionic radius (which ranges from r V' = 0.83A to
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rVi = 0.96 A as a function of its coordination number [70]).The magnetic and electronic properties
of A site doped RMnO; manganites are strongly dependent on the existence of charge and orbital
orders of Mn** / Mn*" cations at the B site [99], which are sometimes accessible by applying high
pressures, e.g. RSrMn20s [100].

The ambition of combining A —and B — site orders in AA'BB'Os DDPv potentiates the interest of
introducing Mn** into the B site due to the discussed stabilising effect of its Jahn-Teller distortion.
Notable examples of this effect are RA'MnWOg compounds, which combine L_A — and RS B —
arrangements [85]. Moreover, this stabilisation originates complex superstructures, commonly known
as quadrupole perovskites, in compounds of general formula AMn;01,, where different oxidation
states can be modulated for Mn within A', B and B' sites depending on the A™ cation (1 <n < 3). As
a result, their different Mn®* / Mn** ratios induce complex spin, charge and orbital orders [101-103],
originating interesting electromagnetic properties which include multiferroic and giant improper
ferroelectric behaviours combined with spin - wave like magnetic structures [104,105].

On the other hand, the mentioned positive result of high pressure synthesis on the stabilisation of
small A — site cations in the perovskite structure has lately motivated the study of Mn?*,BB'Og DPv
polymorphs [29-36]. Within this family of oxides, which constitute the parent composition of the
compounds studied here, several types of magnetic and transport properties appear. For instance,
room temperature magnetoresistance is observed in Mn,FeReOs [34,35] and an exotic spiral magnetic
structure is induced from magnetic frustration in Mn,FeSbOs [30,31]. It is also worth noting that the
related Mn,FeB'Og compounds with B' = Mo, W and Ta present rhombohedral structures but up to
date none of their perovskite polymorphs have been isolated. This also affects some Mn;BShOg
compounds [106].
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1.2 - Corundum derivatives

For tolerance factors lower than 0.75, ABO3; compounds crystallise with corundum structure or some
of its derivatives, or even with the bixbyite structure (for a narrow range of A/ B ionic radii relation)
(see Figure 1.1). As it has been pointed out in the previous section, the use of moderate pressures
stabilise corundum derivative structures of Mn,BB'Os compounds and applying higher pressures
induces the formation of their perovskite polymorph. In fact, this phenomenon has been observed in
most of the compounds presented in this work. Although the corundum structure (a-Al>Os) is more
rigid than the perovskite one for stabilising high distortions, cationic ordering can also originate

various derivatives. Corundum structure crystallises with R3¢ space group and can be described as a
hexagonal packing of oxide anions with cations lying in two thirds of the octahedral sites. The cationic
distribution into these 2/3 sites originates pairs of MOg octahedra sharing faces along the z direction
and each of them share edges with other three octahedra within the basal plane (see Fig. 1.3-left).
This structure is also adopted when two different isovalent cations similar in size are distributed
randomly in the octahedral sites, e.g. by doping AI**,05 with Cr®*, Fe3* or Ti%* [107]. However, it is
also possible to observe long range ordering among both cations if their atomic radii or charges are
different enough to stabilise ordered polymorphs. Then, they must be stated as ABO; oxides and will
be briefly described in the next subsections.

1.2.1 - llmenite and Lithium niobate polymorphs

Among the ABOs corundum derivatives the most common are the ilmenite (FeTiOs, ILO) and the
LiNbOs-type (LNO) structures. In general terms, the first of them is favoured for divalent A-site and
tetravalent B-site cations (A?*B*'03) while A*B>*O; compounds usually crystallise with the latter
[28]. ILO crystallises with R3 space group and its structure can be described on the basis of the
corundum structure, where A and B cations segregate onto alternated planes perpendicular to the z
axis (Fig. 1.3 middle-left). The cationic order between (00z) layers, highlighted with dashed black
lines in Fig. 1.3, results in pairs of AOg and BOg face sharing octahedra (depicted in blue and red
respectively). As a consequence, the glide plane along the z axis which featured the corundum
structure is lost in its ILO derivative, so that (003) and (101) reflections are visible in its diffraction
patterns. Similar to corundum, cations are displaced from the centre of the octahedra due to the strong
cation-cation repulsions across shared faces. This octahedral off-centring results in the so-called
puckering of the cations above and below their ideal z coordinate into the (00z) planes, thus
originating undulated layers. This distortion is schematised in the figure with white arrows pointing
towards opposite directions. For the sake of clarity, such arrows are only depicted over the ILO-type
structure, where the discussed ideal (00z) layers are also drawn. As it will be deeply discussed in
chapters Il and 1V for the different ordered corundum derivatives studied in this work, this kind of
distortion, common to all the corundum derivative structures, strongly affects their functional
properties.

Up to this point, the mentioned ILO-type structure is defined for the general ABOs compounds but it
can also be observed when introducing two different cations at the B sites, that is A;BB'Os. The
alternated (00z) layers are constituted by AOg and B/B'Ogs octahedra, where there is a random
distribution of B and B' cations within their respective layer. Since B-site cations are disordered, the

structure remains centrosymmetric, so the R3 space group is kept.
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On the other hand, LNO-type structure (Fig. 1.3 middle-right) can also be described in terms of a
corundum derivative, where AOs (blue) and BOs (red) octahedra are ordered in layers parallel to (012)
planes (highlighted with grey dashed lines in Figure 1.3). Cations are arranged to avoid octahedral
edge-sharing with any contiguous like cation, thus obtaining 1:1 cationic ordering along the three
crystallographic directions. This atomic distribution implies the loss of centrosymmetry and the
presence of the c-glide plane, thus crystallising in the R3c space group and resulting in the suppression
of (003) and (101) reflections in the diffraction patterns.

The organisation of cations comes, as happened for the perovskite derivatives, from the need for
minimising electrostatic repulsions. Therefore, the charge mismatch between A and B cations is the
order parameter that acts as the driving force for determining the final cationic distribution. For that
reason, the LiOs and NbOs octahedra in the LiNbOs-type structure order by sharing both faces and
edges, achieving by that a maximal homogeneity of the electronic distribution and minimising
cationic repulsions. The lower charge difference between A and B cations in ILO-type structure
allows the simpler face sharing of TiOs and FeOg octahedra along the z axis in Fe?* Ti**Qs, so that the
strongest repulsions are distributed through edge sharing octahedra (longer metal-metal distances)
within (00z) layers.

1.2.2 - NizTeOs — type structure

Apart from the described ILO and LNO polymorphs, there exist other further ordered derivatives of
the corundum structure based on these two phases. Herein, the R3 Ni;TeOs-type (NTO) derivative,
depicted in Figure 1.3-rigth, is detailed since one of the compounds studied along this work
crystallises with its structure. It has two different oxygen positions and four independent cationic
sites, schematised in the figure as A, B' (dark and pale blue), A" and B (dark and pale red). This
structure can be described as a corundum derivative with (00z) layers alternatively occupied by
AO6/B'Os and A'Os/BOs edge sharing octahedra. The cation arrangement in this NTO-type structure
is such that the polyhedra sharing faces along the z axis are always A against B and B' against A'. The
presence of four independent cationic sites originates different cationic displacements from their ideal
sites, thus inducing an uncompensated dipolar moment giving rise to a net polarisation along the z
axis [20,108]

It is worth to highlight that this further cation order needs for the location of four different cations
into different crystallographic sites in an ordered manner. Therefore, the origin of the differences
between the equal nuclei in both the archetypal NisTeOs and the Mn,BB'O¢ oxides studied in this
work are not intrinsic differences between the three Ni2* or the two Mn?* cations themselves, but they
are induced from their different relations with the rest of the cations in the structure. In this context,
it is useful to understand the NTO-type structure as an additional order of two different cations within
the (00z) layers of a ILO-like structure or within the (012) layers of a LNO-like derivative. As
discussed for the related ILO and LNO structures, the cation distribution into different sites is induced
by the charge mismatches. The extreme charge difference of Ni?*/ Te®* pairs in the NisTeOg originates
their preference to order into a LNO-like distribution. However, the presence of uncompensated
proportions of Ni and Te, determines the formation of alternated Ni?* / Te®* and Ni?* / Ni** (012)
layers. The presence of Te in the first of those layers induces the symmetry breaking between the two
NiOg octahedra of the later, since one of them will face the TeOs and the other one will only share an
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edge within the (00z) plane: their different distances from Te will involve different cationic
repulsions.

In the case of Mn,BB'Os oxides, different chemical compositions can be expected to induce a ILO or
a LNO structure if B and B' cations do not show a charge mismatch high enough to originate their
additional order within their corresponding B-site (00z) or (012) layer respectively. Some examples
of Mn;BB'Os compounds crystallising with ILO and LNO orders are Mn,MSbOs (M = Cr¥,
Fe®")[30,32,106,109] and Mn;FeB'Os (B' = Ta®", Nb°*) [110] respectively. If, otherwise, B and B'
cations are different enough to order into independent sites, then the two Mn?* cations reveal their
preference to locate at the most distant octahedra, which only share a corner, due to their large
repulsion, as it occurs, e.g. in Mn;MSbOs (M = Sc**) [33] and Mn,FeB'Og (B' = Mo®", W®*) [111,112].

The coexistence of polarisation with ferromagnetism makes the compounds crystallising with NTO-
type structure potential candidates to present multiferroicity. Therefore, the location of different
paramagnetic cations within the four possible cationic sites opens up a new pathway to develop
multiferroic materials [111]. Applying high pressures may induce not just the described phase
transitions among different polymorphs but moderate pressures may allow the transformation of one
corundum derivative into another one with different cationic order.

> O m > O]

z z

= =

Corindum (R3c) X JLO-type (R3) X" LNO-type (R3c) X NTO-type (R3)

>

I

Figure 1.3. Unit cells of corundum-related structures showing the different cationic ordered planes.
From left to right: disordered corundum, ILO-type structure ordered in alternated (00z) layers
(highlighted with dashed black lines), LNO-type alternating (012) layers (dashed grey lines) and
NTO-type combining both (00z) and (012) layers. White arrows on the ILO-type structure schematise
the puckering featuring all these derivatives. The groups of letters included on the left hand side of
each polymorph schematise the cationic site — sequences along the z-axis, where red and blue squares
stand for A —and B — site vacancies, respectively, and the black one is a general cationic vacancy.
Blue and red octahedra in the ILO and LNO structures are AOg and BOs respectively. The NTO-type
structure shows A/ B' cations (dark and pale blue respectively) and A' /B (dark and pale red) positions
ordered into alternated (00z) layers. The blue and red squares in the leyend of this polymorph
represent a vacant site of the A/ B'and A'/ B layers respectively.
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1.2.3 - Extrinsic factors: High Pressure and/or High Temperature conditions in corundum
derivatives

It is well known that the isolation of the different phases, either corundum derivatives or perovskite
polymorphs implies a compromise between pressure and temperature. For instance, MnTiOs;
undergoes consecutive phase transitions upon increasing pressure. In a first step, increasing pressure
induces the ILO to LNO-type transition through a reorientation process in which half of the cations
are implied and oxygens rotate to accommodate them [17]. Under higher pressures the LNO-type
polymorph transforms directly into a highly distorted orthorhombic perovskite structure through the
cooperative rotation of TiOs octahedra and the consequent displacement of Mn into the highly
coordinated A site [18].

In the particular case of Mn.MSbOg (M = Fe, Cr) oxides, studied in this work, it is possible to induce
the DPv to ILO transition through a thermal treatment under room pressure conditions. By that, both
polymorphs, which exhibit very different properties, can be not just isolated under different HPHT
synthesis conditions but also transformed at ambient pressure. This is quite surprising since LNO-
phase, but not ILO, appears to be the quench product of the perovskite structure [113][98]. This is
because the perovskite structure can indeed be derived geometrically from LNO-type through a
topological transformation with a continuous displacement of atoms. Surprisingly, it has been
reported by Megaw that a similar transition is forbidden for the ilmenite structure, since a cationic
interchange between A and B cations would be needed [114]. In fact, the phase transformation from
the DPv_Mn,CrSbhO¢ polymorph to the ILO_Mn,CrSbOs maodification found out in our study
represents the first example in the literature [32], as detailed in chapter I1l. Then, a rearrangement and
redistribution of atoms via diffusion is required in the perovskite to ilmenite phase transformation.
The transition requires high temperatures to aid kinetics, but the transition in Mn,CrSbQOgs is clearly
completed at 1 atm and 973 K. This kind of synthesis/transformation, where an already prepared high
pressure material is the precursor for a following room pressure chemical process, can be described
as hard-soft chemistry [96]. These hard-soft reactions alter the local chemistry or even the crystal
structure due to the partial instability of the high pressure phase, thus leading to unusual properties
[115]. Moreover, post synthesis DPv — LNO phase transtitions have been observed under heating
treatments at room pressure for compounds undergoing a synthetic ILO — DPv phase transition under
HPHT conditions, which constitutes another example of hard-soft chemistry [98].
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1.3 - Site exchanging substitutions inducing mixed-charged A sites

Up to here, the interest and background for most of the compounds studied during this work have
already been settled. The cationic substitution of different M3* ions in Mn,MShOg oxides has been
considered but always keeping constant 2 Mn?* cations at the A site. This approach originated double
perovskite polymorphs and different corundum derivatives with Mn2*,M3"Sb>*Qs stoichiometry. The
substitution of such M?3* transition metal cations for larger trivalent metals is expected to induce
different cationic arrangements, as it is the case of the NTO Mn,ScShOs compound, better formulated
as (Mn?*Sc3*)(Mn?*Sh%")Os [33]. However, this effect does not limit to the corundum derivatives, but
it also occurs among structures favoured by higher tolerance factors, such as perovskites. In fact, the
DPv polymorph of Mn.ScShOs already presents a considerable anti-site disorder between Sc and Mn
[33]. In this line, larger M3* cations, such as Bi** or R%* (rare earths), often tend to locate in the highly
coordinated A site of the perovskite structure producing the exchange of one of the A-site Mn?*
cations to the B site.

On the one hand, there are plenty of examples in the literature of double perovskites RA'B,Osg, where
R stands for a trivalent rare earth cation while A" is a large divalent metal, often an alkaline-earth
element [116-118]. These phases are accessible via conventional ceramic method at room pressure.
Otherwise MNRMnSbOs perovskites need for HPHT to be obtained as metastable phases. It is notable
that the synthesis of the related Mn.MSbQOs oxides with M = transition metals under room pressure
conditions usually leads to a combination of MnSh,0s, Mn2Sh.0- and spinel phases with MnM:O4
composition. However, when M is substituted by the large R®* cations these antimoniates showed an
energetic preference for a new family of non-stoichiometric structural derivatives of the cubic
Mn,RSbO;  pyrochlore  structure,  further  discussed in  chapter V to be
(Mn?*,66R%*1.34) (MN>*0.66Sb°*1.34) O7.

The pyrochore structure (Figure 1.4) can be described as an oxygen deficient fluorite derivative, with
1/8 of anion vacancies in an ordered manner. The ideal pyrochlore structure crystallises in the space
group Fd3m and consists on a three dimensional network of corner sharing BOs octahedra originating
triangular and hexagonal tunnels in two perpendicular directions. A-site cations (grey spheres in
Figure 1.4) locate in the hexagonal tunnels, giving rise to OA, tetrahedra (highlighted with a red
dashed line). A further view of the structure locates the large A cation at the 16d site (0.5, 0.5, 0.5),
the smaller B cation at 16¢ (0,0,0) and two different positions can be distinguished for the O anions,
namely 48f (x, 0.125, 0.125) and the so-called O' anion (red spheres in Figure 1.4) at 8b (0.375, 0.375,
0.375). Therefore, this compound is better formulated as A;B.0s0'". This crystal structure tolerates
ionic vacancies at the A and O’ sites to a certain extent [119], what could result in ionic conductivity.

In fact, oxygen deficient pyrochlore structures have lately been studied for their potential use as fast
ionic conductors. Theoretical studies demonstrate that the high O mobility occurs through a vacancy
mechanism implying the 48f oxygen hopping, while the 8b O' sites do not often play an important
role [120,121]. This high conductivity is associated to order/disorder phase transitions, either induced
by compositional variations or thermally activated. It is common to find in the literature R2B1xB'xO7
pyrochlore oxides where the progressive substitution of B cations induces the slow disorder among
A —and B — site cations and the O — site displacement towards their ideal positions in the disordered
fluorite structure. It is interesting to note that up to three different ionic diffusion rates (one for both
cationic sites all together and independent rates for O and O") have been determined for these
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compounds. The distortion features induced upon heating have been probed to behave in a similar
manner [122].

Analogous order/disorder transitions have also been observed to occur under irradiation, paving the
way for their use for immobilization of actinides in nuclear waste [123]. Another interesting potential
use of these systems is catalysis, as a promising catalytic activity has recently been tested in a cathode
with a high reversible capacity for lithium — O, batteries [124]. There, the pyrochlore compound was
synthesised as a mesoporous phase, thus allowing the interplay of oxygen stoichiometry on the high
proportion of surface defects.

In addition to the recently focus on their electric applicability, the magnetic properties of R2B,0;
pyrochlores have traditionally attracted a high interest. The corner sharing of cation tetrahedra (see
Figure 1.4-right), which is a general feature of the pyrochlore structure, yields a classical
geometrically frustrated lattice [125]. Therefore, it shows the ideal environment to study exotic
magnetic ground states when the A site is occupied by paramagnetic cations that order
antiferromagnetically. This is because the location of magnetic cations into the highly coordinated A
site of this structure couples the geometric frustration to the magnetic one. As a consequence, many
possible favoured spin configurations of near stabilities coexist, and interesting quantum effects may
occur either induced by freezing [126] or under the application of an external magnetic field [127].
Some of the most exciting phases develop spin-glass [128-130], spin-ice [131,132] or spin-liquid
[126,133,134] behaviours. Moreover, the non-stoichiometric (Mn?*oesR3*1.34)(Mn3*0.66Sb°*1.34)O7
pyrochlores found in this project to crystallise at room pressure, which include paramagnetic cations
in both A and B sites, revealed an unprecedented magnetocaloric effect as a consequence of the
entropy variation in the frustrated system, as further discussed in chapter V.

Figure 1.4. Unit cell of the ideal cubic pyrochlore structure along the [110] direction. B cations locate
into the blue octahedra and O' anions are depicted as red spheres. A-site cations (grey spheres) occupy
the hexagonal tunnels. Red dashed lines schematise the tetrahedral coordination of O' sites. The right-
hand side shows the corner sharing tetrahedral lattice of A cations.
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2.-Aims of this work

Considering the high interest of the A — site Mn containing perovskite family, a series of new
Mn;MB'Os double perovskites are intended to be stabilised under high pressure-high temperature
conditions. In a first stage, M will be substituted by different paramagnetic transition metal cations
(Fe3*, Cr®") in order to induce additional magnetic interactions ensuring the blossoming of interesting
magnetic properties. The use of moderate pressures is expected to allow the isolation of less dense
corundum derivative structures for these compounds, as it also occurs in the related Mn.MB'O¢ (B' =
Nb, Mo, Ta, W) [110-112] family of oxides.

Taking into account the related systems recently studied, the selected B' cation for this work is Sh®*.
Although it does present neither lone pair electrons contributing to the development of electric
properties nor unpaired electrons inducing spin couplings affecting the magnetic properties, this
element is interesting from the structural point of view. On the one hand, the absence of @ character
in the Sb-O bonds induces the need for bond length or angle distortions to satisfy the necessity of
polarisation induced by the charge and size mismatches among different site cations. In addition, its
unusual small size favours the disorder with small transition metal ions located in B site thus allowing
the stabilisation of ILO-type structures among the rhombohedral polymorphs. On the contrary, the
ionic radii differences with larger non-transition metal trivalent cations are maximised, so this B'
element will also permit the stabilisation of different polymorphs. A general rule which must also be
considered regarding the determination of the crystal structure of these polymorphs is that the
repulsive forces between the highly charged Sb>* cations are too strong for face-shared octahedra to
be stable, so that the use of Sh as B' cation involves the confidence that the nearest Sh®* cations will
locate at edge sharing octahedra.

Therefore, one of the main objectives of this work is to study the effect exerted by mechanical
pressures on the stabilisation of different structures among Mn,MSbOg compounds. Their magnetic
and electric properties and the relation between the structure and properties will also be studied.

In a second stage of the work, M3 cations are proposed to be substituted by larger non-transition
metals, what should induce progressive structural changes implying rearrangements of both cationic
and anionic sublattices, thus originating different ordered derivatives and polymorphs. The repulsions
arising from the increasing average ionic radii of B-site cations is expected to be stabilised by partially
exchanging the large M®" with Mn?* originally located at the A site, so the chemical pressure released
through these compositional variations will induce antisite disordering up to a limit value above which
this exchange actually means obtaining a different type of ordered derivative.

The final result of this process among the corundum related structures has already been exemplified
with the transition from the ILO-type order to the NTO-polymorph for the extreme case that the
exceedingly large volume of the introduced metal (M) prevents the structure to accept any antisite
disorder. The controlled substitution through the synthesis of Mn,M:-xM'xSbOs solid solutions would
allow a more detailed study towards the determination of the exact stability limits of each structure,
as this effect, directly depending on the physic-chemical nature of the M' metal, induces much more
subtle differences than those arising from the application of an external mechanical pressure.
Nevertheless, this is not intended in this project, as we aim to study the global impact resulting from
this effect, what means the stabilisation of different polymorphs as a consequence of the complete
compositional variation.
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In the case of the perovskite structures the progressive antisite disorder among A and B site cations
may induce an increasing disorder process within the previously ordered B sublattice and/or the
appearance of some kind of order within the A sublattice for high values of exchanged elements. At
some point during this process partial orders of both sites may coexist. The introduction of R** cations,
in particular, is proposed as an especially interesting target, due to the wide background concerning
R.BB'Os B-site and RA'B,O¢ A-site ordered DPv structures and the small amount of known
AA'BB'Os DPv combining ordered configurations in both sublattices. Moreover, the only type of DPv
known to show variable degrees of order in both sites up to date has been described as layered-A and
rock-salted-B, but the considerably larger size difference between R3* and Mn?* cations may originate
a different arrangement as it occurs for the columnar A-site ordered Ca-Mn and Ca-Fe titanates
[74,75].

Through these compositions, new functional compounds, their polymorphism arising from pressure
effects, their structural distortions and their relative stability are intended to be studied. Additionally,
the reversibility of the different phase transitions and their consequences on the studied properties
will be discussed.

Concerning the influence of stoichiometric variations, room pressure synthesis under oxidising
conditions of R A-site containing compounds is proposed to originate Mn,MSbO- pyrochlore
derivatives. Their resulting unusual stoichiometry and its influence on their structure and properties
will be argued.
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1.- Sample preparation

1.1 - Ceramic method

The room pressure samples synthesised during this work were prepared with the conventional solid
state ceramic method. The stoichiometric amounts of the precursor binary oxides were ground under
acetone in an agate mortar until reaching homogeneity and subsequently pelletized with a manual
hydraulic press. For those compounds incorporating rare earths in their compositions the reactant
sesquioxide was previously decarbonised through a heat treatment in air at 1173 K for 12 hours,
except in the case of Pr,Os, which tendency to oxidise required the heating of PrsO11 at 1323 K under
a N2/H (5%) flow.

This kind of room pressure synthesis was developed for all the studied compositions in order to check
the existence of any unknown room pressure polymorph of the Mn,MShOg oxides. With this purpose,
the precursors were treated under temperatures ranging 1173 K - 1773 K. For Mn;MSbOs oxides with
M = 3d" transition metals (Cr®* and Fe®*), the room pressure heating was always found to yield the
formation of binary and mixed oxides with undesired cationic stoichiometries, such as Sb2Os,
MnM_O, or Mn;Sh,0-, in agreement with the literature [1]. In the case of the M = 3d° transition metal

(Sc®), a cationic disordered structure with R3 symmetry is formed under room pressure conditions
[2,3]. The absence of long range magnetic order in this compound and the evidence of high pressure
accessible phases with ordered corundum derivative and double perovskite structures for Mn,MSbOg
oxides, motivated the exploration of their synthesis under high pressure conditions.

The room pressure synthesis of Mn,RSbOs oxides (R = rare earth element) resulted in an unexpected
non-stoichiometric derivative with pyrochlore structure. The finding of this new family of room
pressure compounds, formulated as (Mno.gsR1.34)(MngsSb1.34)O7, promoted the optimisation of their
synthesis conditions and the study of their magnetic properties, as detailed in chapter V.

1.2 - High pressure synthesis

Mn,MSbOs high pressure polymorphs constitute the main part of the samples studied along this work.
As detailed in chapter I, Mn:MB'Os compounds often crystallise with DPv [4-7], ILO [6,8,9], LNO
[10] and NTO [11-13] structures when synthesised under high pressure — high temperature
conditions. In particular, moderate pressure polymorphs of Mn,MShOg with ILO and NTO structures
have been isolated for M = 3d" and 3d° transition elements respectively. Their synthesis under higher
pressure conditions yield the formation of conventional rock-salt ordered double perovskites. On the
other hand, the synthesis of the high pressure polymorphs of Mn;RSbO¢ oxides has been found to
need much higher pressures, under which only the perovskite derivative structure can be stabilised.
As it will be detailed in chapter V, these compounds crystallise with a conventional DPv structure
similar to those of Mn,MSbhQOg (M = Cr, Fe and Sc) for sufficiently small rare earths (R = Eu and Gd
among the compounds studied here) but the use of larger R elements (La — Sm) induces an additional
order among the A-site cations with a columnar arrangement [14].

In general terms, the synthesis approach for all these Mn,MSbOs and MNnRMnSbOg oxides can be
explained on the same bases. A precursor mixture is prepared by grinding the stoichiometric amounts
of the needed binary oxides under acetone in an agate mortar. The use of R,O3 oxides require their
decarbonation in the same conditions detailed for the ceramic method.
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Depending on the synthesis temperature conditions to be applied these precursors are packed into a
gold (T < 1373 K) or a platinum capsule (T > 1373 K).. The capsule is introduced into the pressure
cell, further detailed below, and the target pressure, 3 - 13 GPa for all the samples studied along this
thesis, is applied. Once stabilised the target pressure the sample is rapidly heated up to the synthesis
temperature. Under these conditions, solid state reactions are well-known to complete very fast, so
the synthesis temperature is maintained during short reaction times, ranging from 6 to a maximum of
35 minutes for all the compounds discussed herein. For the optimal synthesis conditions of a particular
compound see the text in the corresponding chapter. After the reaction time, temperature is quenched
and pressure is slowly released, providing access to metastable phases kinetically favoured. The
recoverability of a thermodynamical product at ambient pressure is conditioned to symmetry
constraints [15].

Different "large volume" high pressure devices have been used as a function of the required pressure.
In general terms, these instruments are often constituted by three main components: i) a hydraulic
press, which provides the force to induce the uniaxial high pressure conditions; ii) a high pressure
module, formed by the anvils which transmit the pressure from the press to the sample; and iii) the
sample assembly, i.e. the pressure cell. Among these components, is the complexity of the pressure
module what best characterises the different setups, since the hydraulic press is similar for all of them,
just varying their force limits, and the sample assembly depends on the selected module. Attending
to this factor HPHT devices can be classified into one- or two-stage types.

Both kinds of setups have been used to prepare the different polymorphs of Mn.MSbQOgs compounds
presented in this-dissertation. On the one hand, moderate pressures have been accessed through the
use of simple (one-stage) devices. For instance, a Belt-type press located at the “Laboratorio de Altas
Presiones ”of Universidad Complutense de Madrid (UCM), was used to achieve pressures up to 8
GPa and a Conac-type press, placed at the same laboratory, allowed the synthesis of larger amounts
of sample treated under pressures up to 9 GPa . The need for higher pressures required the use of a
two-stage Multianvil device, located at the School of Chemistry at the University of Edinburgh,
accessed through the collaboration with the Center for Science at Extreme Conditions (CSEC). The
specific characteristics of each press and the different sample assemblies used to develop the synthesis
in each of them are detailed in the next subsections.

The accurate pressure and temperature applied during an experiment can be measured through
different methods, although for all the experiments performed during this study, both magnitudes
were controlled by the use of calibration curves. These curves are developed for each sample
assembly design by applying different forces to the hydraulic fluid and power supplies to the furnace,
using well known standard samples. Hence, the experimental pressure and temperature conditions
during a synthesis process can be determined as a function of the applied force and electric power.
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1.2.1 - One - stage devices

These setups allow the application of moderate pressures and the synthesis of relatively large amounts
of sample. The setup used for the preparation of most of the compounds presented in this work belong
to this type of instruments. In particular, a Belt- and a Conac-type presses, described below, have
been used. It is worth noting that, although Diamond Anvil Cells (DAC), which are commonly used
to study diverse properties of chemical compounds under HPHT conditions [16], should also be
included among the one - stage devices uniaxially applying high pressures, they are not considered
here for various reasons: i) DAC cells allow the manipulation of very small amounts of sample and
they provide a limited access to heating the precursor in the synthesis process; since we have access
to large-volume devices allowing the synthesis of larger amounts of sample under higher temperature
conditions, necessary for the preparation of Mn,MSbOs oxides, DAC cells are not optimal in our
case. ii) DAC cells are often designed to apply high pressures during the performance of some
measurements. This feature makes them an interesting tool for studying metastable compounds which
do not persist back to room pressure; however, the Mn,MSbOs high pressure phases stabilised under
HPHT conditions are quenchable to room pressure, and their structural and functional characterisation
do not require the use of any pressure cell.. Therefore, in this case there is no need to use these devices
s0, despite their importance in the high pressure science, the main contribution of this subsection is
dedicated to more adequate devices for the objectives of this work: Belt- and Conac- setups.

Figure 2.1 depicts the indicated main components for this type of device, where both similarities and
differences among these two equipment are evidenced. Their main difference relay on the pressure
cell, which components are represented in the lower part of Figure 2.1a. Above them, their assemblies
are schematised. In both cases, the precursor is compacted into a gold or platinum capsule. In the
Belt-type cell, the capsule is introduced into an Al,O; sleeve provided with two MgO stoppers. These
pieces act as insulators, thus avoiding the appearance of hot spots which could induce the sample
melting. This is placed into a graphite furnace, responsible for the sample heating during the
experiment, in which extremes conic pieces of pyrophyllite are included. This material acts as a
thermal and electric insulator and, when heated under high temperatures, behaves as a fluid, thus
resulting an optimal pressure media enhancing the hydrostaticity of the induced pressure. On top of
and below these pieces, Teflon rings prevent the pyrophyllite to flow away during the heating process.

In contrast, the Conac-type cell confines the sample capsule into a calcite (CaCOs) container inside
the graphite furnace and this one into two concentric CaCOs cylindrical sleeves provided with
stoppers, what insulates the inner part of the assembly. An outer steel capsule is used in order to
reinforce the cell insulation and Ta and Mo disks ensure the electric contact. In the outer part, two
CaCOs; pieces accommodate the pistons which induce the high pressures to the cell and three
cardboard rings ensure the correct alignment.

A detail of the pressure module used in these devices is shown in Figure 2.1b for the Belt-type press,
but a similar one is used for the Conac-type module. In both setups, the cell is placed in between two
parallel plates made of different concentric materials: the centre, which includes the pistons inducing
the pressure to the cell, needs for a higher mechanical resistance, so it is made of WC. The outer rings
are designed to withstand not so high pressures, for which stainless steel is hard enough. Pressure is
uniaxially induced though these plates to the cell along the direction shown by the arrows in Figure
2.1a.
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Figure 2.1c depicts the complete Belt-equipment formed by the hydraulic press including the pressure
module where the cell is aligned, a power supply and a temperature controller. A similar assembly
forms the Conac-type press. Therefore, for both instruments the synthesis process is completely
automated, allowing an accurate and precise control of both pressure and temperature conditions.

Chambers of different volumes can be adapted to these equipment, thus enabling the adequate
optimisation of the pressure conditions as a function of the sample volume. In particular, the Belt-
type press has a large chamber which can work up to 4 GPa producing a maximum of 300 mg of
sample and a smaller one applying up to 8 GPa to a maximum sample amount of 100 mg.
Temperatures up to 1973 K can be reached with this press. On the other hand, up to 2073 K can be
attained with a Conac-type press, which possess three different chambers: the larger one allows the
synthesis of 2.0 g under a maximum pressure of 5.5 GPa; the intermediate chamber produces a
maximum of 750 mg under 7.5 GPa and the small one reaches up to 10 GPa in detriment of the sample
amount, which cannot exceed 200 mg [17].

a) Belt Conac

y

y
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)

Figure 2.1. a) Schematic cell assemblies (up) for Belt- and Conac- type high pressure setups. The
arrows indicate the uniaxial direction along which the pressure is applied to the cell. The cell
components for each device are shown at bottom in the same relative position as the schemes. The
color code used in the upper part of the Figure can be related to those of their respective real
components at the bottom. b) Lower plate of the pressure module of the Belt equipment. In the middle
of the plate the WC piston can be appreciated. Concentric stainless steel fragments are also visible
around it. In this Figure the module is not aligned, so that the copper films inducing the electric
contact to the lower part of this plate can also be seen besides it. The red arrow connecting Figures b
and ¢ points the place where the aligned module (constituted by both upper and lower plates) is
located in the whole equipment. ¢) The complete press including the power supply and temperature
controller on the left-hand side of the Figure and the hydraulic press with the aligned pressure module
on the right.
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1.2.2 - Multi-anvil device

Figure 2.2 shows the different parts of the more complex assembly characteristic of the Walker —type
module [18] of the Multianvil apparatus used for the highest pressure synthesis. As in the simpler
setups explained in the previous subsection, the sample is introduced into a Pt capsule which is
surrounded by concentric layers of different materials in order to ensure the correct heating and
transmission of pressure to the sample. As it can be observed in Figure 2.2a, the capsule is introduced
into an h-BN cylinder provided with stoppers. The selection of this material is due to its soft,
refractory and chemical inert features, so that it acts as an adequate confining media which protects
the sample from the furnace, thus preventing its melting. Two different sized concentric graphite
furnaces minimise the thermal gradient of the sample and additional thermal insulation of the capsule
inside the furnaces is ensured by the presence of MgO stoppers and reinforced by an outer ZrO;
sleeve. On both extremes Mo disks act as electric contacts and MgO rings around them insulate their
environment, thus preventing the appearance of hotspots.

The whole cell is fixed into a drilled MgO octahedron, which induces the high pressure to the sample.
The correct alignment of this assembly into the press comes through the insertion of the octahedron
in between eight WC cubic anvils. These inner anvils, the so called second-stage anvils, are corner
truncated cubes. The truncation of their corners originates an octahedral void in the centre of the eight
cubes when connecting them through squared face sharing. Therefore, the octahedron is placed in the
middle, sharing its triangular faces with the anvils triangular truncated sections. As a consequence,
the pressure is symmetrically induced over the sample: the direction of the applied force from the
hydraulic press into the sample through the press module is represented in Figure 2.2. with a blue
arrow.

As schematised in Figures 2.2a and 2.2b, these second-stage anvils are differently prepared: four of
them, the so called type 1 in Figure 2.2, are covered with adhesive tape and the other four (type 2 in
Figure 2.2) with card paper, both over three consecutive faces. Pyrophyllite gaskets of different
lengths are strategically fixed around the truncated corner of these second type of cubes, so that each
type 1 — cube fixes next to the three adequate type 2 — cubes.

The large cube formed by the eight joined cubes holding the cell assembly is glued and stabilised by
stacking it into pads of fibre glass. Two Cu sheets are contacted to opposite cubes (those connected
through the blue arrow in the Figure), so that the electric current will pass through them across the
furnace. This larger cube with the cell inside is introduced, as depicted at the bottom part of Figure
2.2b, in between six big anvils made of hardened steel. These anvils are known as first-stage anvils
or wedges and they transmit the high pressure coming from the hydraulic press to the second-stage
anvils, which finally transfer it to the cell. The function of the fibre glass pads is to relieve any stress
caused by irregularities on the interface between the inner and outer anvils. All the assembly is
confined into a containment ring (see left hand-side of Figure 2.2c) where all pieces, homogeneously
lubricated, are placed as shown in the section included as an inset in Figure 2.2c. This Figure shows
the hydraulic press, which is connected to the power supply and a temperature controller. As in the
previous cases, the complete synthesis process is automated, ensuring the correct control of the
synthesis conditions.

The sample assembly used for all the experiments run in this press during this study includes second-
stage anvils with 14 mm of truncation edge length (TEL). The use of these anvils imply the use of an
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8 mm octahedron, which can induce pressures up to 16 GPa to the sample. Given these dimensions
this setup is often referred to as 14/8. The transmission of higher pressures is accessible through the
use of anvils with shorter TEL, as this decreases the surface area in contact with the cell. A maximum
pressure of 26 GPa can be achieved with the Walker - type multianvil apparatus using the 7/3 setup.
The maximum temperature that can be supported with this module depends on the material used as
furnace. During this work, all the sample assemblies included graphite heaters, which can induce up
to 1773 K under the most extreme pressure conditions.

A limitation of this setup is the obtained sample amount, which is considerably smaller than those
obtained with the Belt- or Conac-modules (hot more than 10-20 mg) due to the higher pressures
accessed.

710,
Mo
Sample
Graphite
h-BN
Pyrophyllite

Thermocouple in alumina sleeve

Figure 2.2. a) Scheme showing the components of the cell assembly and the arrangement of the eight
inner anvils. Two different types of anvils are identified here as types 1 and 2 (green and red dashed
cubes, respectively). b) in the upper part of Figure b the real appearance of both types of cubes is
shown. At the bottom, the large cube constituted by the eight cubic anvils can be seen located into
the containment ring within four out of the six wedges. The red arrow connecting this figure to Figure
c identifies the containment ring among the components of the press. c) The complete hydraulic press.
A section of the prepared containment ring is included above it as an inset. The red arrow in Figure ¢
points the location of the containment ring during the HPHT experiment and the blue one points the
direction along which pressure is applied to it. Note that the orientation of the cell along the diagonal
direction of the cube coincides with this direction.
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2. - Structural characterisation

The structural characterisation of the samples includes a large variety of experimental techniques.
The complementary information provided by all of them leads to the complete determination of all
structural features. In general terms, the main structural characterisation of the materials studied along
this work has been performed in terms of diffraction methods. Therefore, this section is focussed on
the description of the different diffraction techniques.

2.1 - Diffraction techniques. General overview

In general terms, diffraction techniques are non-destructive characterisation methods based on the
coherent dispersion of the incident radiation as a consequence of the crystal periodicity. When a
compound acquires long range atomic order, the location of atoms within the unit cell can be related
through the appearance of planes with common features, generally called (hkl), where h, k and | are
the well-known Miller indices. Moreover, parallel (hkl) planes are packed along their normal
crystallographic direction, separated from the consecutive (hkl) planes by a constant distance d. These
equidistant planes of common characteristics are altogether referred to as a family of planes {hkl}.
An incident electromagnetic beam on the sample may give rise to a humber of complex radiation -
sample interactions. Among them, diffraction occurs as a consequence of dispersion effects: all atoms
located in the same {hkl} are said to diffract the incident radiation when the angle of the diffracted
beam equals the incident one. Under these conditions, Bragg Law, i.e., N4 = 2d sin & [19], is always
satisfied.

It can be, thus, easily deduced that, under a monochromatic beam, only the irradiation under
determined angles can satisfy this relation so that n is an integer. For those angles, the so-called Bragg
angles, the phase difference between the incident and the diffracted beams is zero so both waves are
said to be in phase. In other words, their interference is totally constructive. As consequence,
diffraction peaks can be observed at those angles. When varying the incident angle partially
destructive interferences appear, decreasing the peak intensity until it becomes null for totally
destructive interferences, i.e., for semi-integer values of n.

The presence of different families {hkl} featured by different d values originates similar interference
patterns under different Bragg angles. Hence, an incident beam scanning a continuous angular range
results in the formation of a continuous pattern with peaks arising from different families of planes.
This basic aspect of the diffraction pattern is, therefore, characteristic of the structural packing.

Up to here, only d spacing is taken into account as the basic feature determining the peak positions.
However, some instrumental parameters, such as the axial divergence of the beam or the sample-
beam alignment, and some sample properties, as absorption effects, may also influence the position
of the reflections [20]. On the other hand, their intensities [21] mainly depend on the structure factor,

2
‘Fhkl
of atoms in the unit cell. Therefore, the different atomic scale factors induce a variation on the relative

peak intensities of the diffraction patterns collected for compounds with common structures but
different compositions.

, which includes multiple contributions determined, among other parameters, by the distribution

Atomic positions can be related through symmetry operations, so equivalencies can be settled. By
that, the structure can be explained in terms of the group of symmetry elements relating all the-atoms
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in the unit cell. This means the classification of the structure into one out of the 230 space groups
described in the International Tables for Crystallography [22], what simplifies its description. It is
worth noting that the different location of atoms within the reticular positions, i.e., different cation
orderings in the structure, can induce important modifications on the diffraction result. A systematic
cation ordering along any crystallographic direction may imply the definition of new {hkl}, where
dna Spacing changes. As consequence, the position of the peaks can also be affected by cation
ordering. Furthermore, the appearance of cell centring or translational symmetry elements creates
new equivalences of planes, what nullifies the structure factor for some atomic positions, originating
the systematic extinction of their related peaks. Hence, the observation of systematic absences is
important information which facilitates the structural determination. In the end, cation ordering
affects both peak intensities and positions.

In summary, the peak position is featured by the relative position of the atoms in the structure, so it
is indicative of the dimensions of the unit cell and the location of the atoms inside. On the other hand,
the intensity of the peaks depends on the nature of the nuclei originating them, so it allows
differentiate which atom is located in each position.

These techniques allow, thus, a quick qualitative interpretation with no sample damage. The
observation of a low number of peaks is related to a high symmetry, where most planes are related.
As the symmetry decreases peaks are progressively split through the distinction of new {hkl}, so
common general features can be observed for diffraction patterns of similar structures. As both the
nature and location of the atoms are important factors, different polymorphs of a compound will
present different patterns, with noticeable peak position differences. For the sake of our aims, this
technique is, thus, optimal for studying the expected structural phase transitions induced under high
pressures. Compositional differences for compounds with a common structure will present different
relative peak intensities, also allowing their distinction and the study of the structural modifications
induced by chemical pressure.

However, quantitative information can also be achieved from these methods. Small structural
differences, such as atomic displacements from their ideal sites or their thermal vibrations, may
induce subtle changes in the diffraction pattern. Note, anyway, that the structural features observed
through diffraction methods are only those arising from the average structure. The determination of
local effects needs the combination of different techniques.

The interest of combining different diffraction techniques is that the appreciation of different
structural features is enhanced by each beam nature. The Rietveld refinement [23] of different
diffraction data usually yields the complete structural determination of the studied compound. For
that purpose, FullProf suite software was used [24].The optimisation [25] of the difference between
experimental diffraction data and a reference theoretical pattern allows the determination of the exact
structural features.

Among the parameters to take into account when refining a nuclear structure, some of them can be
commonly considered for all the samples studied in this work. The most important are the background
and the peak shape. Background was modelled either through the use of a six coefficient polynomial
or through the linear interpolation of intermediate values for a given list of equidistant experimental
points. The simulation of the experimental peak shape was developed through the use of a Thompson-
Cox-Hastings type function. It is worth noting that the experimental peak shape is usually distorted
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from the ideal Gaussian belt as consequence of diverse factors. The key parameters determining the
final result arise from the used beam; in particular, its spectral purity and conditioning are the most
important parameters, as the divergence of the incident beam induces uncertainty on the Bragg angle
resulting in an asymmetric peak broadening arising from overlapped signals. The employed
diffraction geometry also adds some uncertainty on the signal detection. Additionally, some sample
properties may also have a significant influence on the peak shape, among which the grain size and
strain / stress effects are the most usual. In order to reproduce the shape modifications originated from
the main instrumental factors a number of mathematical corrections can be used [24], among which
the Thompson-Cox-Hastings pseudo-Voigt approximation was selected for these samples due to its
accurate determination of Gaussian and Lorentzian contributions with different origins. For the most
complex cases, the use of a resolution file provided the instrumental (U, V, W) parameters so that the
refinement of the additional (X, Y) shape-factors determines additional peak distortions arising from
the structural features. Common instrumental parameters were coupled for secondary phases through
the use of the general pseudo Voigt function.

On the other hand, some specific considerations were taken for each structural refinement, as site-
coupling or constraint models used for the optimization of thermal parameters, occupancies, antisite
disorders, etc. These particular details, along with the complex symmetry analysis needed for the
determination of some magnetic structures, are detailed in the adequate subsequent chapters for each
compound.

It is clear from this general introduction about diffraction methods that not only the sample but also
the nature of the beam irradiating it exerts an important influence on their interaction. For that reason,
the particularities of each diffraction technique are detailed in the next subsections. The features
determining the relative reliability of their results and which information is more accurate for each
method is explained.

2.1.1 - X-ray diffraction

Powder X-ray diffraction (PXRD) has been used as the basic tool for structural characterisation. The
easy and cheap generation of X-rays along with the useful and easy interpretation of the results make
XRD a classical method to determine crystal structures.

The wavelength of the X-ray radiation is of the order of 1 A. The atomic scale of this value allows
the X-ray radiation to interact with the outer electron shell of the elements in the structure. Therefore,
the main contribution to the determination of non-equivalent positions is the difference on the
electronic environment of each site - located elements. As a consequence, XRD is a good technique
for characterising the average position of heavy elements. The larger the difference on the atomic
number (Z) is, the easier the cationic distinction. However, this technique is limited in the
determination of light atoms, so oxygen is commonly fixed in its ideal positions when refining the
structure. Moreover, distinguishing between two elements with similar Z numbers among different
crystallographic sites is also difficult through XRD. In that case, apparent disorder effects might
occur, thus leading to an incorrect symmetry assignment [3]. In order to correctly determine both the
accurate position for light atoms and the correct positions of similar cations, complementary
techniques are necessary. As explained in the next subsection, the different nature of neutron beams
induce a different radiation - matter interaction, adequate for solving these problems.
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During the experimental period of this study different X-ray diffractometers working in Bragg-
Brentano geometry have been used for qualitative determinations. In all cases, quick scans of 15-30
minutes were collected in a maximum angular range 10 ° < 26 < 90 °. With this aim, a Siemens D
5000 (Bruker) and a PANanalytical X'pert POWDER diffractometers were used in the “Centro de
Asistencia a la Investigacion (CAl)-Difraccion de Rayos X at UCM [26]. Both use Cu K radiation.
The first of them works under a voltage of 40 kV and a current intensity of 30 mA while the second
one works under 45 kV and 40 mA. Patterns were collected at room temperature with step sizes of
0.02 ° - 0.04 ° depending on the sample crystallinity. Additionally, the samples with the lowest
diffraction intensity were measured under a rotation time of 8 seconds in order to improve the
collection statistics.

Additionally, a D2 Phaser-Bruker diffractometer [27] was used with the same purpose at the School
of Chemistry in the University of Edinburgh. This instrument works under 30 kV and 10 mA. Routine
patterns were collected with a step size of 0.0365 °. Complete patterns can be collected in 15 minutes
with this diffractometer due to the proximity between the font and the detector. However, the resulting
data, which include small peaks arising from Cu Kg radiation, are only valid for phase identification
and subsequent high resolution measurements are needed.

This necessity is mandatory for pure samples after any routine XRD measurement, as the
determination of crystallographic information requires a high resolution. Therefore, slow scans were
measured with an X'Pert PRO ALPHA1 multi-purpose diffractometer working in Bragg-Brentano
geometry with 8 - 20 configuration. This instrument uses Cu K1 radiation and is equipped with a Ge
(111) monochromator and an X’Celerator detector. Diffraction patterns were taken between 10 ° and
120 ° with a step size of 0.017°.

The study of temperature effects on the structure was developed through thermodiffraction
experiments by heating the sample. This technique was used in order to study the thermal activation
of perovskite — ilmenite phase transition in Mn.MShOg oxides with M = trivalent transition metal
ions. A PANanalytical X'pert Pro MPD diffractometer provided with an Anton Paar HTK1200 high
temperature chamber was used under temperatures up to 1223 K. Cu Kq radiation and 6 — 6
configuration were employed to measure diffractograms between 10 ° and 70 © with a step size of
0.033°.

High resolution XRD measurements at low temperatures were developed by using synchrotron
radiation. The high energy reached by the accelerated electrons allows the beam interaction with
deeper electronic layers thus providing a better resolution, so the use of this technique provided
reliable data for small samples at room temperature. BLO4-MSPD ALBA lightsource beam line [28]
was accessed in order to collect HRXRD patterns under a A = 0.44214 A wavelength beam in the
angular range 0.021 ° < 6 < 44.001 ° with a step width of 0.003 °. Further symmetry reduction and
temperature variations of the lattice parameters were studied at low temperatures.

43



Il.-Experimental techniques 2.-Structural characterisation

2.1.2 - Neutron Diffraction

The basic aspects of the fundamental theory concerning Neutron Powder Diffraction (NPD) are the
same already explained for XRD. Despite its similar wavelength, the uncharged nature of the neutron
beam promotes its interaction with the nuclei of the atoms. It is also worth noting that neutrons have
a magnetic moment, so that NPD is used with a double intention: on the one hand, room temperature
measurements allow the determination of nuclear structures, just as XRD did. Furthermore, the
interacting nuclei are about 10 times smaller than the neutron beam wavelength, so phase effects are
suppressed. On the other hand, NPD measurements detect the neutron - spin interaction when
magnetic ordering is present in the sample. Therefore, neutron magnetic scattering is used to
determine the magnetic structures of the compounds.

Obviously, the most evident advantage of NPD against XRD is the possibility of determining
magnetic structures. However, when analysing nuclear structures some important advantages can also
be noted. To start with, the direct interaction of the incident beam with nuclei and not just with their
electronic environment enhances the diffraction induced by atoms with small Z values. As a
consequence, NPD allows the accurate determination of light atoms. In the case of the compounds
studied here, this feature is particularly interesting in order to determine the accurate positions of
oxygen atoms, thus obtaining reliable values for polyhedral distortions and octahedral tilting in DPv
polymorphs. Moreover, the dispersive power is not the electronic density anymore, but the coherent
cross section [29]. This magnitude is very sensitive to both light and heavy atoms, and is often useful
to distinguish even isotopes. Among the structures presented here, as detailed in chapter IV, the
mentioned apparent cation disorder effects appearing through XRD between two crystallographic
positions occupied by heavy atoms similar in weight, can be solved through NPD as a consequence
of their different cross sections [3].

The main disadvantage of this technique is that some nuclei, e.g. some R** cations, strongly absorb
neutron radiation. This effect obscures the diffraction phenomenon, so compounds containing these
specific rare earth elements are not good candidates to determine their structures through NPD and
different technigues or non-absorbing isotopes must be used.

Two different methods are commonly used in large scale facilities to generate the neutron beam:
nuclear fission and spallation. The first of them is a continuous source of neutron beams with a very
high energy. It is generated when a slow neutron impacts into an active nucleus, often enriched
uranium, which absorbs the energy and produces an accelerated neutron in the decay process as a
consequence of the division of the excited nucleus into two stable nuclei in their ground states.
Spallation sources generate a higher proportion of secondary neutrons of lower energy by impacting
an accelerated proton or electron into a nucleus which losses mass by releasing different particles.
Therefore, pulsed beams of cold neutrons are generated in these sources, which are afterwards
accelerated up to the desired velocity. Because of the variable energy, diffraction of these neutron
beams is commonly detected in terms of the time of flight (TOF) of the diffracted neutrons instead of
their angular range.

During this work, both CW and TOF NPD technigues have been used. Among those using fixed A,
D1B, D2B and D20 instruments located at Institut Laue - Langevin (ILL) [30] were selected due to
their high intensity and resolution, because of the small amounts of sample for HPHT products. For
the same reason the selected diffractometer using variable A was WISH, located at ISIS source [31].
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In general terms, the structural determination of small samples using NPD was carried out through
the Rietveld refinement of D2B high resolution data. Long scans were collected under 300 K in the
0°-160 ° 20 range with a step-width of 0.05 ° using a neutron wavelength A = 1.594 A. Magnetic
structures were determined through the Rietveld refinement of D2B NPD data collected under
temperatures below the magnetic order temperature, previously determined from magnetic
susceptibility measurements, in the same experimental conditions using a standard orange He
cryostat. The small amount of sample usually required the use of small vanadium cans and the shortest
accessible sample - collimator distance. Figure 2.3a shows a general view of D2B instrument
indicating its most important components (see figure caption for details).

The thermal evolution of the magnetic structures was studied in terms of the sets of patterns collected
each degree from 2 K to a temperature well above the magnetic order on the high intensity D1B
instrument. Each pattern was measured in the angular range 0 °< 26 < 130 ° with a step-width of 0.1
°ysing A = 2.520 A. Long scans were also collected at both the highest and the lowest temperatures
in the same experimental conditions in order to properly compare the complete pattern including
nuclear and magnetic reflections with that obtained from purely nuclear diffraction. The main
components of this instrument are labelled on Figure 2.3b.

D20 is a very high intensity 2-axis instrument equipped with a large one-dimensional multidetector
(see Figure 2.3c). The combination of this detector along with the high flux received by this
diffractometer enables real-time measurements in small samples. For that reason, it was used in order
to determine the nuclear structure of some HPHT samples. These measurements were collected with
a A= 2.4 A radiation in the range 0 © - 130 ° with a step size of 0.1 °.

Some of the samples prepared at CSEC were also diffracted in collaboration at WISH instrument.
This diffractometer [32] is located in the target station 2 at ISIS facility. It provides high resolution
in detriment of flux intensity and it is commonly used for determining nuclear and magnetic structures
of powder samples with large d spacing. The especially small amount of sample and the large cell
parameters determined for MNRMnShOg compounds from XRD and electron microscopy techniques
are specific features making WISH the ideal instrument for them.

(S L R s — - J :

Figure 2.3. General views of D2B (a), D1B (b) and D20 (c) diffractometers located at ILL. Their
main components are labelled as follows: a) 1-Shielding of the thermal beam H11; 2-Collimator of
the incoming monochromatic beam; 3-Sample position; 4-Multidetector; 5-Sample table (® rotation)
and 6-Air cushion (26 rotation). b) 1-Thermal neutron guide H22; 2-Collimator of the incoming
monochromatic beam; 3-Sample position, provided with a He cryostat; 4-Multidetector (Position
Sensitive Detector) and 5-Beam stop. ¢) 1-Anti-backgroung shielding walls; 2-Sample position; 3-
Position sensitive detector (microstrip gas-chamber assembly); 4-Direction of the neutron beam; 5-

Monochromator housing and 6-rotation of the diffractometer around the monochromator axis.
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2.1.3 - Electron diffraction and electron microscopy experiments

A high-energy electron beam focused over the sample produces a number of different types of
interactions. For instance, absorption, transmission, and scattering (elastic and inelastic) effects are
commonly observed. Moreover, backscattered, secondary and Auger electrons, X-rays and visible
light are also produced. Therefore, electron microscopy is a useful technique providing access to a
wide range of structural and microstructural information [33].

In general terms, two main techniques can be discerned, namely transmission and diffraction modes.
Modern microscopes include a large variety of qualitative and quantitative analysis. Those used
during this study are briefly explained in this subsection.

The negative nature of electrons implies their coulombic interactions with the electronic shells of the
atoms in the structure. Therefore, as it occurs in XRD, the larger the difference between the Z number
of two elements, the easier their distinction. The particularity of electron diffraction (ED) against
XRD and NPD is that diffraction patterns are converted through Fast Fourier Transform (FFT) from
images collected in the transmission mode or directly collected in reciprocal space in the diffraction
mode. As a consequence, the distance between diffraction spots increases with increasing incident
angle, what means shorter d spacing in real space. Hence, this technique is of special interest when
studying structures with a high atomic density, as the proximity of their atoms in real space is easier
to determine in reciprocal space.

The transmission mode enables the collection of contrast images. Recording different
crystallographic orientations allows a complete cell reconstruction, thus facilitating the determination
of cationic order in unknown structures. The main disadvantages of these techniques are the complex
interpretation of results, e.g., dynamic diffraction effects, and the similarities between atoms with
near Z values, what may prevent the distinction between elements similar in weight, leading to an
apparent disorder.

However, the complementarity of different techniques is a clear advantage. All the samples were
studied in the “Centro Nacional de Microscopia Luis Bru” at UCM [34]. High resolution
transmission electron microscopy (HRTEM) images were taken in a JEOL JEM 3000F microscope
operating at 300 kV, provided with a double tilt (x20°) goniometer and point resolution 0.17 nm.
Accurate composition and oxidation states were studied through electron energy loss spectroscopy
(EELS) in the same microscope, fitted with an energy-dispersive X-ray spectroscopy (XEDS)
microanalysis system (OXFORD INCA) and ENFINA spectrometer with an energy resolution of 1.3
eV. Selected area electron diffraction (SAED) and microdiffraction were carried out in a JEOL
JEM2100 microscope operating at 200 kV with a double tilt (+45°) goniometer. Additional Scanning-
Transmission Electron Microscopy (STEM) images were collected for the samples with the most
complex cation orderings in a JEOL JEM ARMZ200cF microscope with corrected aberration in the
condenser lens providing atomic resolution. This microscope, provided with a digital X-ray mapping,
operates at 200 kV and has a point resolution of 0.2 nm in TEM mode and 0.08nm in STEM mode.

Simulations of the HRTEM images were performed with the software MacTempas X [35], using the
refined structures from PND data as a reference. In all cases, the results showed good fits to the
experimental images, as discussed in the results chapters. Therefore, the different diffraction
techniques always provided complementary information fully confirming the results.
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3. - Magnetic characterisation

The determination of the magnetic properties was carried out from the magnetisation and magnetic
susceptibility measurements at different temperatures and magnetic fields. A MPMS-SQUID
(Magnetic Property Measurement System - Superconducting Quantum Interference Device)
Quantum Design Magnetometer was used in order to measure temperature effects on the
magnetisation (M) of the samples under different magnetic field strengths (H). With that purpose, all
the samples were measured under similar conditions: the first step is cooling the sample down to 2 K
without any magnetic field and measure how heating up back to room temperature affects the
magnetisation. The results of this measurement are commonly known as ZFC (Zero Field Cooling)
data. Then a magnetic field is applied and stabilised to a constant value and the sample is cooled again
down to 2 K. The magnetic field used for most of the measurements developed during this project is
0.1 T; any exceptions for additional measurements under different magnetic fields are detailed in the
corresponding chapter for each sample. Under this FC (Field Cooling) conditions, the sample
magnetisation is again measured under heating up to room temperature.

Magnetic susceptibility is then calculated as the M / H ratio per molar unity. Direct and reciprocal
representations of this magnitude and their differentiate products provide useful information
including the number of spin sublattices ordering at different temperatures and their approximate
temperature values, the Curie and Weiss constants and the effective magnetic moment.

The global type of magnetic ordering can be deduced from these measurements in terms of the
maximum susceptibility values, the tendency of the direct ZFC curve at low temperatures, the relative
behaviour of ZFC vs. FC curves and the sign of the Weiss constant determined from the linear fit of
the paramagnetic range in the reciprocal data. However, the presence of magnetic interactions
between the different magnetic sublattices, common among the compounds studied here, may
complicate the interpretation of these results. Additional information is obtained through the
measurement of field effects on the magnetisation at constant temperatures. With that purpose,
different magnetic fields up to 9T were applied. These measurement temperatures are selected from
the previous susceptibility data. As a general approach, temperatures above, near and below the
magnetic transitions are often selected. By that, the different curves can be compared: the saturation
of the magnetisation curve below the magnetic transition temperature typically indicates a
ferromagnetic (FM) behaviour, as the increase of the applied magnetic field cannot increase the
magnetisation any more, i.e. the maximum ordered magnetic moment is reached so the maximum
value may be the saturation of the magnetic moments in the structure. Antiferromagnetic (AFM)
components are easily identified as the magnetic moments cancel and their orientation with the
magnetic field is a long process which do not reach saturation, and the onset of a net maximum in the
susceptibility versus temperature determines the Néel temperature. Moreover, complete loops in the
-5 T <H<5T field range include hysteresis effects for FM compounds facilitating their identification.
Intermediate situations as pure ferrimagnetic behaviors arising from the antiparallel orientation of
two different FM sublattices, or net ferrimagnetic compounds with different AFM sublattices are
easily identified but difficult to quantitatively characterise. Further NPD experiments are necessary
to determine the magnetic structures which finally explain the magnetic behaviour observed from
these bulk susceptibility and magnetisation measurements.
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1.-General introduction

Mn?*,M3ShOs oxides present mainly two different polymorphs under different (high) pressure and
(high) temperature (HPHT) conditions. When synthesised under moderate pressures, the corundum
derivative ilmenite (ILO) and NisTeOg-type (NTO) structures are usually stabilised in these systems
[1,2], but their synthesis under higher pressure conditions favours the stabilisation of a B-site rock-
salt double perovskite (DPv) structure [3]. The progressive structural distortion upon introducing
larger M®* cations and the evolution of the magnetic behaviour of both polymorphs upon changing
the number of electrons in the outer shell of the M metal will be studied through the next chapters. In
particular, this chapter is devoted to the study of Mn?*;M%*'SbOs compounds with M = Cr3* and Fe**
cations, which paramagnetic nature is expected to induce complex magnetic behaviours through the
coupling of two different magnetic sublattices.

As a consequence of the results discussed during this chapter, a further structural evolution will be
pursued through the substitution of M by much larger metals along chapters IV and V. In this context,
the next chapter studies the Mn,MSbOg with M being a closed shell d° transition metal, such as Sc**,
what will enable an easier understanding of the magnetic behaviour of the A-site Mn?* lattice. This
will set the starting point for introducing 4" rare earths, which will be the main task of chapter V.

The occurrence of a representative collection of both common (AFM, ferrimagnetic) and exotic
magnetic behaviours (helical spin structures and spin reorientation processes from commensurate to
incommensurate propagation vectors) is studied along this chapter through the substitution of M by
two different 3d" transition elements (Cr®*, Fe®) into two polymorphs of Mn.MSbQs oxides. Their
synthesis under HPHT conditions was optimised through the detailed study of the effects of the three
main parameters determining the resulting structure, i.e. pressure, temperature and reaction time [4,5].
In general terms, increasing pressure leads to the stabilisation of denser structures during the synthesis
process [6]. Consequently, DPv polymorphs are obtained under the highest pressure conditions
applied (up to 8 GPa), while the corundum derivative structures are found at moderate pressures (3
GPa for the ILO-compounds). The DPv is the kinetic product, according to its fast crystallisation
under extreme conditions, but the larger thermodynamic stability of the corundum related polymorph
competes at high temperatures and when the reaction time is long enough.

This interplay between the preferential formation of the kinetic / thermodynamic product is usually
found in the context of HPHT synthesis, which often allows the isolation of both polymorphs upon
optimising the reaction conditions. However, the high pressure phases are often metastable products,
which frequently revert to the thermodynamic phase either upon heated at room pressure (e.g., DPv
to ILO transition of Mn,CrSbOs [1]), heated at high pressures (e.g., possible DPv to NTO
transformation of Mn,ScSbOs, see next chapter for details) / pressed at room temperature (e.g.
ZnGeOs [7]) or even just as a function of time at room pressure and temperature conditions (e.g.
diamond to graphite transition of C in the presence of oxidising agents [8]). Therefore, the thermal
treatment of the high pressure phase will also be studied as an alternative method for the isolation of
the thermodynamic product, i.e. the moderate pressure polymorph.

Along the next sections, a complete structural and functional characterisation is discussed for both
polymorphs of Mn,MSbOs (M = Cr and Fe) to determine the structure — properties relationship in
these compounds.
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2.-Mn2CrSbOs
2.1- Double perovskite

2.1.1 - Synthesis and structural characterisation

The DPv polymorph of Mn,CrSbOg was synthesised under HPHT conditions. The precursor mixture
was prepared by grinding the stoichiometric amounts of the binary Mn,Os, Cr,03 and Sb>O3 oxides
under acetone in an agate mortar. The resulting homogeneous powder was pressed into a platinum
capsule, placed in a Conac-type press at 8 GPa and 1473 K during 15 minutes. Once the reaction was
completed, temperature was quenched and pressure was slowly released.

A first structural characterisation through XRD (Figure 3.1a-top) shows that Bragg reflections of the
resulting powdered sample can be fitted to the P2:/n space group with cell parameters V2a, * V2a, *
2a,, Where a, is the cubic perovskite cell parameter (~ 3.8 A). Minor secondary MnCr,0;4 (4.2 %w.t.),
Sh,04 (4.8 %w.t.) and Mn2Sh,0O7 (< 1 %w.t.) phases were also identified and taken into account in
the refinement.

Further structural characterisation was developed by NPD studies. Since all the elements in this
compound present sufficiently different coherent neutron scattering lengths (coh b = -3.73 fm, 3.635
fm, 5.57 fm and 5.803 fm for Mn, Cr, Sb and O respectively [9]) the atomic positions could be
accurately determined. The Rietveld refinement of the high resolution NPD data collected at room
temperature at D2B diffractometer, depicted in Figure 3.la-bottom, confirm the XRD model.
Mn,CrShOs crystallised in the P2:/n space group with a =5.2180 (2) A, b =5.3710 (2) A, ¢ = 7.5874
(1) A and B =90.36 (1)° lattice parameters. The structural details, including lattice parameters, atomic
potions and selected bond lengths and angles, are summarised in Table 3.1

The DPv structure of Mn,CrShOs compound locates the small Mn?* at the large cuboctahedral A site
(4e), while Cr3* and Sb®* cations alternate in a rock-salt fashion among the B (2d) and B' (2c) sites.
There are three different oxygen positions within the general 4e site, identified as O1, Oz, and Os. A
portion of the crystal structure, including the crystallographic unit cell, is depicted in Figure 3.1b,
where Cr and Sh cations are denoted as dark and pale blue octahedra. P2:/n gives rise to the aac* tilt
system commonly observed in A2BB'Og double perovskites [10]. This tilt system determines the out-
of-phase and in-phase rotations of BOs / B'Os 0ctahedra along [110] and [001] directions respectively,
visible in the top and bottom projections of Figure 3.1b.

Both the cation order and the described octahedral tilting originate the so-called diagonal \2a, * \2a,
* 2a, cell commonly found for similar B-site rock-salt ordered double perovskites [11]. It is worth
noting that a certain proportion of cationic disordering is commonly promoted in DPv by the
coexistence of different cationic size/charge ratios. The varying Mn?* / M3 and M3* / Sh®* size
relations could induce a progressive A-B site exchange determining the different properties and
polymorphism of Mn,MSbOg oxides. However, no antisite disorder was found either between B and
B’ sites or among A and B sites in Mn,CrSbOs perovskite.
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Figure 3.1. a) Rietveld refinements of Mn,CrShOg DPv polymorph from XRD (up) and NPD (bottom)
data; MnCr,04, Sh,04 and Mn,Sh,0O; secondary phases are included (2™ to 4" rows of Bragg
positions respectively). b) Structural model determined from the Rietveld fit of the NPD. Out-of-
phase and in-phase a-ac* tilts are visible along [110] and [001] directions respectively.

Table 3.1.Crystallographic parameters, selected bond distances and angles for the DPv polymorph of
Mn,CrSbOg obtained from the Rietveld refinement of NPD data collected at D2B at 300 K.?

P2i/n a=5.2180 (2) A, b=5.3710(2) A, c=7.5874 (1) A, B =90.36 (1) °
Atom-site X y z Occ | BVS?
Mn-— 4e 0.0149 (8) 0.0471 (7) 0.7463 (7) 1 1.8
Cr—2d 0.5 0 0 1 2.8
Sh - 2c 0 0.5 0 1 5.4
O1—4e 0.3116 (7) 0.3073 (9) 0.9386 (5) 1 _
O, —4e 0.3143 (6) 0.3073 (9) 0.5640 (4) 1 _
O3 —4e 0.8788 (5) 0.4454 (5) 0.7540 (4) 1 .
A-O d (A B-O d A
Mn- O, 2.539 (6) Cr-0:(x2) 1.975 (5)
Mn - O 2.113 (6) Cr-02(x2) 1.997 (4)
Mn- O 2.517 (6) Cr- 03 (x2) 2.053 (3)
Mn- O, 2.123 (6) dav.(Cr - O) 2.008 (2)
Mn- O3 2.255 (5) Sb - 01 (x2) 1.986 (4)
Mn- O3 2.126 (5) Sb - 02 (x2) 1.976 (4)
Sb - O3 (x2) 1.989 (3)
dav-(Mn- O) 2.279 (4) dav.(Sb - O) 1.984 (2)
A(CrQg) = 2.7*10* A(SbOsg = 7.4*10°
< Mn-0O;-Cr > < Mn-O,-Cr > < Mn-Os-Cr >
88.7 (3); 116.8 (3) 84.8 (2); 101.0 (3) 90.7 (2); 105.4 (3)

9 Fitting residuals: R,= 2.31%, R.,= 2.68%, Rsz= 4.89% and Rr= 3.89%,.7 Vi = I;Sjji= exp(ro
— r;i/0.37). Values calculated using rij= 1.79 A (Mn?*), 1.724 A (Cr®") and 1.942A (Sb®*").
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According to the three O positions, three different M-O bonds can be appreciated for each type of
octahedra. From those distances, the use of equation Eq. 3 allowed the determination of B/B'Os

polyhedral distortions (A).
n 3 2
A:lz(did dj Eq. 3

The results, A(SbOg) = 7.4 10 and A(CrOs) = 2.7 10, point to an almost symmetric SbOs and highly
distorted CrOs octahedra. This difference can be explained on the basis of the electronic environments
of each cation and their influence over surrounding O% anions. On the one hand, Sb** has a closed
shell d*° electron configuration, which makes it a strongly polarising cation. This effect induces a
large but isotropic distortion on the electron charge cloud of oxygen, so that the six Sb-O distances
are similar. Moreover, these bonds usually present a certain covalent character [12], which shortens
the experimental distance thus inducing its apparent over-bonding (see BVS in Table 3.1). On the
other hand, the non-equivalent occupancy of the 3d orbitals in Cr** ([Ar]d®) induces a certain
tetrahedral distortion of the CrOs octahedron: the four equatorial Cr-O distances summarised in Table
3.1 shorten while the two apical (Cr-Os) elongate.

M-O distances were also used to determine the average oxidation states from bond valence
calculations (BVS) through a standard interpolation method [13]. The obtained results, Mn8* Cr28*
and Sbh®*, are close to the expected Mn?*, Cr®* and Sb®* values from the nominal Mn,CrSbOs
composition. The slight deviations found for Mn and Sb may originate from the described covalent
character of the Sb-O bond, which induces the attraction of the oxygen electrons towards Sb centres,
thus originating a charge excess over them. On the other hand, Mn?* cations are rather small (V'r mn2*
=0.83 A) [14] to be placed at the 12™ coordinated A-site of the perovskite decreasing its coordination
number from the ideal value of 12 down to 6, thus reducing as well their apparent BVS.

The effective sixfold coordination of Mn is supported by the good accordance between the
experimental averaged Mn-O distance (2.279 A) and the theoretical one determined from the sum of
the ionic radii of Mn* and 0% (2.23 A). The slight mismatch indicates the elongation of the
experimental bonds as a consequence of the discussed Sb-O shortening, which indeed justifies the
low experimental oxidation state for Mn.

The main structural features summarised in Table 3.1 have already been detailed and discussed to be
related to the structural distortion. However, it has been pointed out in the general introduction of this
chapter that one of the key points would be the determination of the evolving structural distortions,
so that a structure-properties relation can be set. In this context, a further study on the distortion
features will be performed, so the a'a'c* tilt system defining the RS B-site ordered DPv structure will
be carefully studied. With this objective, Appendix | details the three main different methods available
for the calculation of both in-phase and out-of-phase tilt angles along [001]c (¢), [110]c (B) and [111]c
(®) pseudo-cubic directions: from i) lattice dimensions, ii) bond angles and iii) the relation between
atomic positions.

That detailed discussion on the determination of the different tilt angles will apply for all the double
perovskites studied along this work. The tilt angles of Mn,CrSbOs have been calculated from the
three described methods, which results are summarised in Table 3.2. The use of the lattice parameters
yields different tilt values compared to those obtained from the other methods. The slight mismatch
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observed between ¢ (13.45°) and 6 (13.71°) angles for Mn,CrSbOs can be attributed to the small
monoclinic angle (90.36°), which makes the monoclinic character of the crystallographic cell similar
to a pesudo-orthorhombic cell. The higher value determined for the third tilt angle @ (19.11°), along
[111] direction, agrees with that calculated from cos ® = cos ¢ * cos 6.

On the other hand, the ¢ tilt angle determined from < B — O — B' > bond angles and that determined
from atomic positions yield the same 20.185° value. Since there are two independent potions at the
B-site, ¢ was calculated as the average of the different ¢m values determined for CrOs (19.89 °) and
SbOs (20.48 °) octahedra (equation Eq.25 in Appendix I). It is notable that, as discussed in Appendix
I, the tilt angles determined from the lattice parameters are less accurate than those determined from
both bonding angles and the trigonometric relations between the ideal and the experimental atomic
positions, which is reasonable since the last two methods do consider the symmetry differences with
the pseudo-orthorhombic-related structure.

Concerning the 0 angle, a similar behaviour is observed: the tough determination of independent 6
values for Cr (19.24 °) and Sb (19.48 °) polyhedra through the different O, positions includes both the

[110] and [ilO] components; which averaged value results in 19.36 °, indeed very close to the 19.28°

determined from Eq. 4. Since the B-monoclinic angle is close to 90 ©, all the tilt angles defining the
monoclinic DPv studied along this project will be determined from the half difference of 180 ° and
<B — O — B' > angles along the corresponding directions:

_180°~-<B-0-B'>
B 2

@ Eq. 4

Table 3.2. Tilt angles along [001]c (), [110]c (6) and [111]c (@) directions determined for the DPv
polymorph of Mn,CrShOs through the use of the three described methods: using lattice parameters,
bond angles and atomic positions. ?

Method b (9 0(°) D ()

Lattice parameters 13.45 13.71 19.11

Bond angles 20.185 19.28 27.91
O3 O3 0O O,

. . _ _ 0cr =19.02 | Ocr=19.45
Atomic positions 0cr =19.89 | ¢sp=20.48 Bs = 18.95 | Bep = 20.01

¢ = 20.185 0=19.36

3 see Appendix | for further details: the calculation through the relation between atomic positions
allow the determination of independent BOs and B'Os octahedral rotations through the different
oxygen sites.

27.97
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It is worth noting that Glazer's definition of the tilt system for the discussed P2i/n space group (aa
c*) [15], determines out-of-phase tilts equivalent in magnitude about x and y axes (ax and ay’) and a
different magnitude for an in-phase rotation about the z axis (c*). The combination of ax” and a,” can
therefore be described as one single 6, and c¢* term stands for a unique ¢ angle. The classical
description of this tilt system thus considers the distinction of axial and equatorial tilts but it does not
take into account the different BOs and B'O¢ octahedral rotations.

The resulting tilt angles, ¢ ~ 20.2 ° and 6 ~ 19.3 °, can be observed in the nuclear structure depicted
in Figure 3.1b. The experimental values are rather high compared to other double perovskites with
similar compositions at the B sites. For instance, ¢ values determined through the same method for
A,CrShOs (A = Ca, Sr) P2i/n double perovskites are 5.5 © and 13.5 ° [16,17]. The effective
coordination for the larger A-site cations in these room pressure compounds is tenfold for Sr#* (*rs*
= 1.36 A) and eightfold for Ca** (V"'rc,2* = 1.12 A) [14], whereas the stabilisation of sixfold
coordination for the smaller Mn?* (Y'rwn®* = 0.83 A) cation requires the use of high pressures during
the synthesis process. By that, the averaged Mn-O bond distance is 2.279 A (see Table 3.1 above),
which is in agreement to that calculated from the ionic radii sums (2.23 A).

However, other high pressure double perovskites with Mn?* in the A site have similar tilt angles, e.g.
Mn,BReOs (B = Fe, Mn) oxides have ¢ = 19.7 © and 22.4 ° respectively [18,19] and Mn;BSbO¢ (B =
Fe, Sc) oxides have ¢ = 20.4 ° and 19.5 ° respectively [2,3]. It can therefore be concluded that the
distortion observed in the DPv polymorph of Mn,CrSbQs is a consequence of the high tilt angles
originated for the stabilisation of the small Mn?* cation in the highly coordinated A site.

It is striking that only a few Mn,BB'Os DPv polymorphs have been stabilised, even under high
pressure conditions [10]. Otherwise, their ordered corundum derivative polymorphs (ILO, LNO,
NTO) are often easily stabilised under moderate pressures. In this context, the study of the phase
boundary between polymorphs is an interesting target to be developed throughout this thesis, as the
determination of the phase diagram will allow to find single phases and the P and T conditions needed
to induce phase transformations. Similar studies have been carried out in the literature for other
perovskites, which reveal that increasing tilt angles up to 25° are stable for A2*GeO3 and A?*TiOs;
compounds upon decreasing the ionic radii of the A-site cations and / or increasing the synthesis
pressures. The instability of larger tilt angles is reported to induce their transformation into the
rhombohedral ILO or LNO polymorphs [7,20]. In an analogous manner, the stabilisation of Mn?* at
the A site of the DPv structure of Mn,MSbOs through the use of high pressures must be limited.
Increasing the synthesis pressure stabilises smaller cations into the A sites, such as Mn?* [1-3,21—
24], Cu®* [25-27], Sc** and In® [28-31], and concomitantly increases the tilt angles. The higher the
distortion, the lower the stability. Therefore, the chemical composition of the DPv polymorph must
satisfy a compromise for stabilising both Mn?* and the high octahedral tilting. Consequently, their
stability limit could be monitored by using their tilt angles as a critical parameter, which induces a
phase transition into the ILO (Mn,CrSbOs and MnyFeShOs [1]) or the NTO (Mn,ScShOs [2])
polymorphs under pressure conditions where the tilt angles of the DPv polymorph are above their
stability limit.
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Microstructural characterisation has also been performed through HRTEM. Figure 3.2 shows high
resolution micrographs taken along the [010]c (a) and [110]c (b) zone axes. The periodic stripes
observed along the [001] direction in both images correlates with the doubling of the c cell parameter
that is confirmed by the measured distance (~ 7.5 A) obtained from the FFT of the experimental
images. The cation ordering among Cr and Sb at the B sites is observed along the cubic x axis and is
exemplified by the linear profile of intensity values depicted as an inset on the top-right corner of the
image. The distance between the Cr and Sb maxima amounts to ~ 2.6 A and correlates with that

obtained from the FFT of the experimental image along [iOO]c direction.

The calculated image obtained from the crystallographic information derived from the Rietveld
refinement of the NPD data, using the Mac Tempas X software [32], is superimposed over the
experimental image. It was calculated using a thickness of t = 30 A and a defocus of -425 A and is in
good agreement with the experimental image. The projected structural model is also suited along the
[110]c zone axis (Figure 3.2b), where B and B' cations are overlapped giving rise to a periodicity of
~ 3.7 A close to the ideal a,. The structural model oriented through this projection is also
superimposed on the figure, showing a good fit.
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Figure 3.2. HRTEM images of the DPv polymorph of Mn,CrShQOs along the [010]c (a) and [110]c (b)
zone axes. Insets show the linear profile of intensities (top-right corner in a), the simulated image
(delimited by yellow asterisks) calculated for a thickness of 30 A and a defocus of -425 A and the
structural model obtained from the Rietveld refinements of NPD data.

2.1.2 - Magnetic behaviour

The magnetic properties of the DPv polymorph of Mn,CrShOg were studied from the temperature (T)
dependence of the magnetic susceptibility () and the magnetic field (H) dependent magnetisation
(M) measurements. y vs. T curves, plotted in Figure 3.3a - left axis, were measured under FC and
ZFC conditions at 0.1 T.  increases below Ty ~ 60 K followed by a maximum in the ZFC curve and
a slight divergence between ZFC / FC branches below ~ 20 K. The presence of AFM correlations is
evidenced through the appearance of the maximum in susceptibility and the observed y values,
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namely ~ 0.7 emu mol*-Oe™ at 10 K. Moreover, the fit of the reciprocal susceptibility ™ vs. T (Figure
3.3a - right axis) to a Curie-Weiss (CW) law y (T) = c /(T - ) resulted in a highly negative value for
the Weiss constant, 8 = -219.7 (1) K, which confirms the AFM behaviour. From this fit, the Curie
constant, ¢ = 10.5 (1) emu K mol Oe, yields a total effective moment ess = 9.2 (1) s, in agreement
with the expected value (9.22 pg) for the contributions of 2Mn?* (S = 5/2) and Cr®" (S = 3/2) cations.
The AFM behaviour is also supported by the M vs. H curves, depicted in Figure 3.3b, which show a
linear trend both above and below Tn.

However, this trend slowly deviates at low temperatures giving rise to a remanent magnetisation as
low as ~ 0.2 ps. Such a small net magnetisation, enlarged in the inset of Figure 3.3.b, shows a small
hysteresis at 2 K below Hc ~ 0.05 T, that could be explained in terms of a small spin canting originated
by antisymmetric Dzyaloshinskii-Moriya interactions (DM) [33].

Therefore, both Mn?* and Cr®* sublattices order antiferromagnetically below the Néel temperature Ty
~60 K. The <Mn - Oy, - Cr > angles (84.8° - 116.8°) determined from the nuclear structure refinement
(see Table 3.1), are near the ideal 90° originating d° - d® AFM superexchange interactions through
oxygen according to Goodenough-Kanamori-Anderson rules [34]. The small FM net component
arises from the spin canting.
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Figure 3.3. Magnetic behaviour of Mn,CrSbOs double perovskite polymorph in terms of a) thermal
dependence of the susceptibility and b) field dependent magnetisation measurements. The inset in b)
shows the magnification of the -0.4 T < H < 0.4 T range of the M vs. H measurements, were a small
hysteresis is observed at 2 K with a coercive field of Hc ~0.05 T

However, a complete magnetic characterisation requires the determination of the magnetic structure
from the neutron diffraction data. The appearance of new Bragg peaks in the 2K diffraction pattern
confirmed the AFM behaviour (see Figure 3.4a). The magnetic structure was initially determined
from the Rietveld refinement of the low temperature NPD data. All the magnetic peaks can be indexed
with a magnetic propagation vector k = [¥2 0 %], what indicates that a and c cell parameters of the
magnetic structure are doubled with respect to those of the nuclear structure. Provided this
propagation vector, the AFM alignment of the spins along x and z directions is expected.
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The magnetic symmetry analysis was developed in terms of Baslreps software [35] for the determined
propagation vector k = [%2 0 ¥2] and the two independent atomic positions of Mn?* and Cr®* cations in
the P2i/n space group. The results indicate that Mn can follow four different irreducible
representations (lreps) containing three basis vectors (BV) each, which determine the alignment of
the spins along the three main crystallographic directions. These Ireps (I'1 — I's) are summarised in
Table 3.3, where only the real components of each BV are shown as the imaginary component is 0 in
all cases. Cr is only represented by the Ireps I'>and T's, and the lower multiplicity of its Wyckoff site
only applies at the two first symmetries indicated in Table 3.3.

I'; stands for the AFM alignment of both Cr and Mn, while I's yields the FM correlations of Cr spins.
The evidence of the AFM nature of this compound from magnetic susceptibility and magnetisation
measurements reveal that Cr must follow I',. The simplest solution for the discussed macroscopic
magnetic behaviour is that both cations follow the same Irep, though Mn could still have some
alternatives: I'3 is FM along x and z directions, so it can be neglected, but I'; and I'4 show different
types of AFM orders.

Table 3.3. Real components of the BV of the allowed Ireps for the magnetic structure of the DPv
polymorph of Mn,CrSbOg oxide with a propagation vector k = [%2 0 ¥2].

Irep

Symm I I I3 |
A 100 010 001 100 010 001 100 010 001 100 010 001
-X+1/2, y+1/2, -z+1/2 -100 010 00-1 -100 010 00-1 100 0-10 001 100 0-10 001
-X, -y, -Z 100 010 o001 -100 0-10 00-1 100 010 o001 -100 0-10 00-1
x+1/2, -y+1/2, z+1/2 -100 010 00-1 100 0-10 001 100 0-10 001 -100 010 00-1

The use of I'zin the Rietveld fit of the NPD data collected at 2K at D2B quickly converged. However,
in order to simplify the determination of the accurate magnetic structure of the DPv polymorph of
Mn,CrShQOs, the same model was used to refine the difference pattern resulting from subtracting the
NPD data collected at 80 K to those measured at 2 K under the high intensity mode. By that, the
nuclear structures of both the main phase and the detected secondary phases are cancelled and do not
disturb the signal arising from the magnetic diffraction.

The x and z components of the discussed I, Irep were independently refined for both magnetic sites,
what implies that the spins are confined to the xz plane. The resulting Fourier coefficients along both
directions (C; and Cs for x and z axes respectively) acquired similar values for both Mn- and Cr- sites
but opposite in sign. Consequently, both coefficients were constrained to be the same, and thus to
align with opposite values along the [101] direction: C1 mn) = - Csmn) and Ci cry) = - Czcry. The number
of magnetic parameters is then simplified to one for Mn site and another one for Cr site, which
resulting refinement is shown in Figure 3.4a. The modules of the spins can be calculated as the square

root of the sum of the squared components along x and z directions: u = |/C,u +C,u’ The resulting

magnetic structure is depicted in Figure 3.4b. The magnetic moments of Mn?* and Cr®* cations amount
to 4.8 (1) e and 2.7 (1) pe respectively, which is in good agreement with their expected values at 2
K from the spin only 2S contribution (5 pg and 3ug respectively).
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Figure 3.4. a) Rietveld refinement of the 2 K - 80 K NPD high resolution pattern profiles collected at
D2B. The row of marks shows the position of the magnetic diffraction peaks. b) A portion of the
magnetic structure determined from a), where Mn?* and Cr®* spins are depicted as purple and blue
arrows respectively.

The spin canting originating the 0.2 ps net FM component observed from magnetisation
measurements cannot be determined from NPD measurements, as the maximal resolution mode of
D2B detects a minimum magnetic moment of ~ 0.4 ps. Although C1 and C3 were constrained to be
the same, their independent refinement gives close but slightly different values. This indicates that,
despite deviations are of the same order than the instrumental resolution Mn and Cr spins might not
be perfectly aligned along [101] direction. Otherwise, both sublattices may be slightly deviated from
each other. Therefore, a non-detectable FM component is allowed from the DM exchange
interactions.

2.1.3 - Thermal stability

This study was developed through X-ray thermodiffraction. The thermal treatment consisted on
heating ramp segments with a heating rate of 5 K / min, intercalated with 5 minutes of temperature
stabilisation and diffraction collection every 50 K between 373 K and 1173 K. The results are shown
in Figure 3.5, where the DPv polymorph remains stable up to T ~ 873 K. At this temperature, XRD
patterns reveal the onset of a phase transition to the polymorph with ILO-type structure. The phase
transition is completed at T ~ 973K, where no remnant diffraction peaks from the perovskite phase
are appreciated.

It is worth noting that, for the best of our knowledge, this is the first experimental evidence for a DPv
to ILO phase transition. According to theoretical predictions by Megaw [36] this transition is not
possible through a second order transformation, as it implies the cationic exchange between Mn and
the disordered Cr/Sb sites of the ILO structure. On the contrary, the topological transformation of the
DPv is expected to originate a LNO-type structure [37,38], which is commonly observed as the
guench product of these high pressure compounds [39]. Moreover, a second order transition has also
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been observed between differently ordered corundum derivatives (NTO and ordered ILO structures)
upon heating at ambient pressure [40]. This transition is proposed to occur through a large-scale
cationic rearrangement which implies the ionic motion through different crystallographic sites.
However, the occurrence of this transformation through direct cationic motion implies the need of
starting from (NTO) and going to (ordered I1LO) ordered configurations. In the case of the DPv to
ILO transition, this requirement is not satisfied due to the disorder among Cr and Sbh within the 6¢ (0
0 0.34) site in the ILO structure (see next section). Hence, this must be a first order transition, in
which all thermodynamic parameters (enthalpy, entropy, energy, volume, etc.) are discontinuous.

The reason for the ILO preference over the LNO polymorph in this compound may reside on the
charge-volume relationship for the different cations. As detailed in chapter 1, the average charge
distribution of Mn,MSbhOs among A and B sites (A?*,B*,0g) is that usually originating ilmenite
structures. In this particular compound, with M = Cr®", the size difference between both B-site cations
is rather small. Consequently, a random distribution of Cr3* (V'r¢* = 0.615 A) and Sb* (V'rs,>* =
0.610 A) [14] is enhanced within (00z) layers, so that a maximal charge distribution can be tailored
through ensuring the face sharing of all the Mn?*Os and Sb°>*Og octahedra.

To conclude this section, it can be established that a compromise between pressure and temperature
must be reached in order to isolate both the perovskite and the corundum derivative modifications.
Increasing the synthesis pressure favours the preparation of the denser polymorph but the higher tilt
of its octahedra minimises the DPv stability so, for this chemical composition in particular, heating
the DPv polymorph at ambient pressure destabilises this structure and originates the ILO polymorph.
The interest of this transition remains on the accessibility to the obtention of an additional polymorph
with potential different properties. Furthermore, a probable reversibility of this phase transition by
increasing pressure back to the optimal value provides access to two different structures which can
be isolated and inter-converted [7].

RE\ ‘| H!' | Perovskite
873 K/ o ey
973 K
Kl o QY limenite
20 22 24
20 (degrees)

Figure 3.5. Magnification of the low angle region of the XRD patterns of Mn,CrSbOs collected upon
heating from room temperature up to 973 K. The red pattern shows the phase transition at 873 K and
the main peaks of both polymorphs are identified with their corresponding (hkl)r (perovskite) and
(hkl); (ilmenite) Miller indices.
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2.2- llmenite
2.2.1 - Synthesis and structural characterisation

The rhombohedral polymorph of Mn,CrSbOs was observed under moderate pressure conditions.
However, it could not be completely isolated as single phase through direct HPHT synthesis.
Therefore, the ILO_Mn,CrSbhOs oxide was prepared through "hard-soft" chemistry [1,41,42]. As
described in the previous section, the 'soft' thermal treatment of the metastable DPv polymorph
synthesised under 'hard' high pressure conditions enables the phase transition to the most stable ILO
structure. Its synthesis thus implies the application of 8 GPa and 1473 K to the homogeneous
stoichiometric mixture of MnOs, Cr.Os and Sb>O3 during 15 minutes in a Conac-type press followed
by heating the resulting product under 973 K during 8h with intermediate grinding. Routine
qualitative characterisation was developed through XRD. All the Bragg peaks could be indexed in

the R3 space group with an ilmenite structure (Figure 3.6a-top). The presence of a c-glide plane
would imply additional systematic extinctions (hkil) with | odd, so the presence of those maxima in

our experimental profiles may exclude the corundum (R3c¢) and LNO (R3c) polymorphs. Therefore,
alternating (00z) layers of different compositions can be distinguished through XRD. However, since
Cr and Mn have similar atomic numbers (Zcr = 24 and Zu, = 25), similar diffraction patterns would
be obtained for ilmenite with different antisite disorder, e.g. different ilmenite polymorphs with A =
2 Mn and B = Cr/Sb or A = Mn/Cr and B = Mn/Sbh, where cations are disordered in mixed (00z)
layers. Moreover, an NTO-type structure, where both (00z) layers are constituted by ordered cations,
could also show a similar profile [2]. Therefore, the crystal structure of this compound cannot be
undoubtedly determined only through XRD, so further structural characterisation is needed.

As pointed out for the Mn,CrSbOgs DPv polymorph, the neutron scattering lengths of these elements
are all different enough to appreciate their order, provided the negative value of the coherent
scattering length for Mn (-3.73 fm) in contrast to the positive ones for Cr (3.635 fm) and Sb (5.57 fm)
[9]. Therefore, the Rietveld refinement of NPD data collected at room temperature at the high
resolution D2B instrument (Figure 3.6a-bottom) confirmed the complete cationic distribution within

the 6¢ (002) site of the expected ILO model with R3 space group and cell parameters a = 5.2084 (4)
A and ¢ = 14.400 (1) A. Mn locates at 6¢ site with z = 0.1411 (5) while Cr and Sb are disordered
within 6¢ position with z = 0.3408 (5). Further structural details, including selected bond distances
and angles and octahedral distortions, are summarised in Table 3.4. Two different views of the unit
cell of the nuclear structure are depicted in Figure 3.6b. Minor amounts of secondary MnCr,0;4 (4.2
% ) and MnSh,04 (4.4 %) phases were detected. Polyhedral distortions are usually found for
corundum and its derivatives due to cation—cation repulsions across shared faces and edges of the
octahedra. These were calculated by using equation Eq. 3 and revealed regular BOg in contrast to
highly distorted MnOg octahedra. The octahedral distortions of AOs octahedra are higher compared
to those of BOg in high-pressure ILO silicates and germanates [43,44]. On the other hand A(AOs) <
A(BOg) is observed for titanates [45]. It is interesting to note that for ABOs ilmenites, where both
(00z) layers are completely constituted by the same cation, the maximal difference among A(AQg)
and A(BOe) is of one order of magnitude. Otherwise, the double ILO Mn,CrShOs shows a distortion
mismatch of up to four orders of magnitude. The regular size of Cr/ShOg polyhedra (A = 2.5*107)
may be expected due to the regular character of SbO¢ octahedra as determined in the previous section
for the DPv polymorph (7.4*107). This is a direct consequence of the large polarising effect of the
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electronic configuration of the Sb®* cation ([Kr] 4d*). Concerning Mn sites, the octahedral distortion
A(MnQOg) = 1.1*1072 is consistent with the values reported in the literature for ABOs ILO titanates
[45]. Its higher distortion can be explained on the basis of fundamental chemistry: Mn?* is a relatively
large cation (V'rm,2* = 0.83 A) that in ILO is forced to be into a sixfold coordination. As detailed
below, the octahedral distortion arises from the electrostatic repulsion between cations located into
face sharing octahedra. When MnQOs and Cr/SbOs share a face, the regular environment favoured by
the covalency of Sb-O bonds and the lighter weight of Mn (Zmn = 25, Zg = (Zcr+ Zsy)/2 = 37.5), makes
the displacement of Mn easier than that of Sb. As a result, two different M-O bond lengths are found
for Mn. The use of the experimental bond lengths to determine the oxidation states of cations from
BVS calculations yields Mn*®*, Cr2* and Sb*>?*, thus confirming the expected nominal values.
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Figure 3.6. a) Rietveld refinements of Mn,CrSbOg ILO polymorph from XRD (up) and NPD (bottom)
data; MnCr,04, Shb,04 and Mn,Sb,0; secondary phases are included (2™ to 4™ rows of Bragg
positions respectively). b) Structural model determined from NPD. The displacement of the cations
from (00z) layers is identified as du and schematised with black and grey arrows for Mn and Cr/Sb,
respectively.
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Table 3.4. Crystallographic parameters, selected bond distances and angles for the ILO polymorph of
Mn,CrShQs as obtained from the Rietveld refinement of NPD data collected with high resolution at
D2B at 300 K.?

R3 a=5.2084(4) A c=14.400 (1) A
Atom-site X y z Occ BVS
Mn- 6¢ 0 0 0.1411 (5) 1 1.9
Cr/Sh— 6¢ 0 0 0.3408 (5) 0.5/05 | 2.9/5.2
O-18f 0.2875 (4) -0.0285 (5) 0.2560 (2) 1 _

A-O d (A) B-O d(A)
Mn - O (x3) 2.286 (6) Cr/Sb - O (x3) 1.994 (5)
Mn - O (x3) 2.139 (4) Cr/Sb - O (x3) 1.992 (4)
dav.(Mn - O) 2.212 (2) dav.(Cr/Sb - O) 1.993 (2)
A(MnQOe) 1.1*10°3 A(Cr/SbQs) 2.5*107
<Mn-0O-Mn > <Cr-0O-Cr> <Mn-0O-Cr>
88.8 (2) 98.3 (2) 84.1 (2); 119.6 (1); 139.5 (2)

% Fitting residuals: R,= 3.51%, R.,= 4.46%, Rz=3.79% and Rr= 2.38%,. "V, = %;S;ji= exp(ro
—1;j/0.37). Values calculated using rij= 1.79 for Mn?*, 1.724 for Cr3*and 1.942 for Sb®*.

As introduced in chapter I, the main distortion parameter for the corundum-related structures arises
from the cationic displacements. The cationic arrangement into the anionic sublattice of ILO can be
described as face sharing octahedra along the z axis with a stacking sequence A-B-o-B-A-o, where
o stands for a vacant cationic position. Faced A- and B-site cations shift towards their nearest o site
along the z axis as a consequence of their electrostatic repulsion, what originates off-centred
polyhedra. This effect is cooperative through the structure, as these stacking sequences are
geometrically distributed within the unit cell so that every MOs octahedron shares an edge with three
additional octahedra within the same (00z) layer. The resulting effect is the puckering of the (00z)
layers through the alternated displacements of consecutive cations above and below their ideal z
values (see the up-down black and grey arrows in the upper panel of Figure 3.6b).

This displacement can be calculated from the accurate atomic positions determined from the room
temperature NPD data. The difference between the ideal z values (1/6 for Mn and 1/3 for Cr/Sb) and
the experimental ones included in Table 3.4, determines their shift in atomic coordinate dimensions.
Multiplying these values by the unit cell dimension along the shifting direction rescales the distortion
to real space units. The resulting values are dwn = 0.360 A and dcysp = 0.115 A, comparable to those
observed in other ilmenites. It is particularly interesting the comparison of the Mn,CrSbOg distortion
against that of MnTiOg3 [45]. The displacement of Mn?* cations is almost the same in both compounds,
but the substitution of Ti** by two different cations at BOs (Cr3* and Sb®") with close ionic radii (¥'rri**
=0.605 A, V'r¢** = 0.615 A and V'rs,®* = 0.61A) [14] results in lower cationic displacements (less
than a half of the original value) and octahedral distortions (which decrease four orders of magnitude).
This tendency evidences the importance of the charge distribution within each (00z) layer and among
them. The lower distortion in the ILO polymorph of Mn,CrShOs oxide evidences its higher stability,
thus justifying the absence of any additional cationic arrangement within the Cr/Sbh layer or even
among Mn and Cr/Sh layers, which would originate the crystallisation of the compound in a different
structural type (LNO or NTO).
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Figure 3.7 shows two HRTEM images of the ILO polymorph of Mn,CrShQg. Figure 3.7a depicts the

[ZI:'[O] projection, which shows the regular staking of grey and dark rows of contrast along [0001]

direction, thus confirming the alternation of subsequent (00z) layers of different compositions. The
absence of any additional order within none of these layers, confirms the ilmenite-type structure,
which structural model determined from NPD data is superimposed. Moreover, the structural details
summarised in Table 3.4 were used as input for the HRTEM image simulation, showing a good
matching with the experimental one for a defocus of -200 A and a thickness of 57 A.

Figure 3.7b shows the HRTEM micrograph along [0001] direction. Through this projection only the
corundum-type arrangement can be observed, as the different cation sites are overlapped through the
zone axis and only an averaged contrast is observed. The corresponding simulated image from the
detailed structural features determined from NPD refinement is superimposed on the experimental
image in the enlargement shown in the lower part of Figure 3.7b. As observed in the previous
projection, both calculated and experimental micrographs fit. In an analogous manner, the [0001]
projection of the structural model is also included in the figure.

Figure 3.7. HRTEM images of the ILO polymorph of Mn,CrSbQOs along the [ZT.'[O] (a) and [0001]

(b) zone axes. Figure b is enlarged below. Insets show the simulated images (delimited by yellow
asterisks) calculated for a thickness of 57 A and a defocus of -200 A and the structural model obtained
from the Rietveld refinements of NPD data.
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2.2.2 - Magnetic behaviour

At a first sight, the magnetic susceptibility of the ILO polymorph of Mn,CrSbOs (Figure 3.8a)
resembles that observed for the perovskite related compound. A first small kink is observed at Tn: ~
60 K, close to that of the DPv polymorph of Mn,CrSbOs. Consequently, the reminiscence of a non-
detected amount of the DPv used as the precursor of the ILO modification was considered. However,
NPD data collected at different temperatures discarded this hypothesis, as neither nuclear nor
magnetic peaks could be assigned to the already characterised DPv_Mn,CrShQs. A second magnetic
transition stronger than the first one occurs below T2 ~ 53 K, where the magnetic susceptibility
increases and FC-ZFC curves diverge. The presence of a maximum at ~ 15 K and the low values of
x(~ 0.8 emu mol*-Oe?) indicate the AFM nature of this transition, though the divergence of FC and
ZFC curves reveal the presence of a FM component. The reciprocal susceptibility can be fitted to a
CW behaviour for the 230 K — 300K temperature range (see Figure 3.8a-right axis). The total
paramagnetic moment determined from this fitting is 8.8 (1) 1s and the Weiss constant amounts to 4
=-195.6 (1) K. The value of 8.8 s is slightly lower than the theoretical one (9.2 ug), calculated from
the stoichiometric contributions of Mn?* (S = 5/2) and Cr®* (S = 3/2) cations. This low value evidences
the absence of large amounts of magnetic secondary phases, what constitutes another compelling
reason not to assign the magnetic transition at Tn; to DPv_Mn,CrSbhQs. Otherwise, it points to the
existence of intrinsic AFM correlations below T:.

Field dependent magnetisation measurements are shown in Figure 3.8b for different temperatures up
to H =5 T. The AFM interactions are confirmed as the M shows a linear dependence with the
magnetic field. Moreover, there exist a crossover between the M vs. H plots obtained at different
temperatures below Tni.when a critical magnetic field of 2.2 T is applied. This effect is often observed
in AFM ground states when a magnetic field is applied parallel to the spin arrangement [ref]. There
also exists a hysteresis in the magnetisation loop measured at 2 K, which reveals the presence of a net
FM component with a coercive field of 300 Oe and a remanent magnetisation of 0.08 . It has been
reported that the occurrence of two consecutive magnetic transitions, similar to those observed here,
can be associated to the presence of temperature dependent spin reorientation transitions [46].
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Figure 3.8. Magnetic behaviour of the ILO polymorph of Mn,CrShOs oxide in terms of the (a)
magnetic susceptibility and (b) field dependent magnetisation measurements.
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A complex behaviour is therefore predicted from the combination of susceptibility and magnetisation
measurements, but the ordering of spins into the magnetic structure and its thermal evolution cannot
be deduced from these measurements. Low temperature NPD studies were carried out in order to
complete the magnetic characterisation of the sample. Figure 3.9a shows the Rietveld refinement of
the NPD data collected at D1B at 60 K (up) and 1.5 K (bottom). The magnetic peaks observed at 1.5
K can be indexed with the propagation vector k.t = [0 0 0.54], where LT stands for low temperature.
The symmetry analysis was performed using Baslreps software [35], resulting in the three different
IReps indicated in Table 3.5. Both Mn and Cr sites are split into two independent sites, all of which
allow these three Ireps. I'y presents a unique magnetic component along the propagation vector
direction. This Irep could only satisfy the propagation vector if all the Mn?* and Cr3* spins were
aligned along the z axis with variable magnetic moments defining a cycloidal modulation of spins.
The refinement of the neutron data require the antiparallel alignment of each magnetic site of both
Mn and Cr, what clearly indicates that the cycloidal magnetic structure is not able to account for the
measured magnetic intensities. The other two Ireps, I'; and I's, are more probable solutions, since they
describe the confinement of the spins to the basal xy plane. The independent magnetic sites are
allowed to acquire different orientations within the xy plane through the presence of different
imaginary components along each of the equivalent directions. The difference between I'; and I's
Ireps is the direction towards which the rotation of the spins is propagated. However, the simple
presence of these imaginary coefficients of the BV rotates the spins into stacked directions, while the
description of a helix requires the introduction of a refinable rotation period. This can be done through
the addition of a magnetic phase factor (4), which affects the Fourier components of the magnetic
moment (S) as indicated in equation Eq. 5:

S, =1/2*(R, +il, )*e® Eq.5

, where Rx and Ik are the real and imaginary components of the BV respectively. I';and I'; cannot be
distinguished from powder diffraction, so I'> was selected to refine the helical model of the magnetic
structure of the ILO polymorph of Mn,CrSbOs from NPD data collected at 1.5 K (Figure 3.9a-
bottom). The magnetic moments of the two independent sites for both Mn?* and Cr3* cations are
constrained to be the same, since similar values were obtained when refined separately. Two different
projections, along [010] and [001] directions, of the resulting magnetic structure are depicted in
Figure 3.9b. The magnetic moments amount to pmn = 4.53 (1) peand per = 2.79 (1) Ws, in accordance
to the expected values for Mn?* (S = 5/2) and Cr** (S = 3/2).

Table 3.5. Real (BasR) and imaginary (Basl) components of the BV of the allowed Ireps for the
magnetic structure of the ILO polymorph of Mn,CrSbhOs with propagation vector .t = [0 0 0.54].

Symm Irep I' I I's
X, V. Z
Bas R 001 15 0 0 15 0 0
Bas | 000 -0.8660 -1.7321 0 0.8660 1.7321 0O
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In order to study the dynamics of the spin reorientation, short scans were collected every 2 K upon
heating from 1.5 K up to 94 K at D1B. The thermal evolution of NPD patterns is depicted in Figure
3.9¢, where a magnetic peak at ~ 5° and two magnetic satellites around (101) reflection are observed.
Their diffuse intensities begin to appear at Tni~ 60 K, and increase below Ty, ~ 53 K. The
incommensurate propagation vector which indexes all the peaks at Tnz is k4t = [0 0 0.46], where HT
stands for high temperatures. However, this magnetic propagation vector is not constant with
temperature below Tn2. This feature is clearly observed for the magnetic peak appearing at low angles
(~ 59), which is enlarged on the right panel of Figure 3.9c. It is worth noting that the propagation
vector does not stabilise any commensurate cell (i.e. k = [0 0 %2]), but it continuously changes with
temperature through two consecutive magnetic transitions. This behaviour explains the observed
complex magnetisation data shown in Figure 3.8. The refinement of each NPD patterns in the 1.5 K
< T <60 K temperature range provided independent k values for all the measured temperatures. The
resulting thermal dependence of the component along the z direction (k) is depicted in Figure 3.9d.
Below ~ 15 K the propagation vector and the position of the magnetic peaks seem stable, according
to the temperature transition observed in y vs. T curves.
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Figure 3.9. a) Rietveld refinements of the NPD data collected at D1B at 60 K (up) and 1.5 K (bottom)
for ILO_Mn,CrSbOsg polymorph. b) Low temperature magnetic structure refined at 1.5 K. ¢) Thermal
evolution of the NPD profiles between 1.5 K and 94 K; the thermal evolution of (00«;) reflection is
enlarged on the right panel d) Thermal evolution of «,, below the spin reorientation at Tny ~ 53 K it
varies from knt = [0 0 0.46] (arising at Tny ~ 60 K) to k.1 = [0 0 0.54] (stabilised below ~15 K).
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The origin of the helical structure can be explained in terms of the different magnetic interactions. It
is worth noting that a wide number of different magnetic interaction paths are allowed in the
corundum derivatives. These complex set of magnetic correlations, which can operate via direct
cation-cation orbital overlapping and superexchange mechanisms [47], are further explained in
Apendix II. There, a generalised view of the main interactions for both Mn?" and M** sublattices is
detailed in terms of the cationic orbital orientation. The magnetic interactions summarised in Apendix
Il can be used for all the corundum derivative structures by considering the preferences induced by
the different cationic orders. ILO and NTO cases are particularised from that model.

Concerning the ILO_Mn,CrSbOs polymorph, there is a strong competition between direct cation-
cation and superexchange cation-anion-cation interactions. On the one hand, the so-called interlayer
interactions (see top panels of Figure A2.1 in Apendix I1) are those operating between Mn?* and Cr3*
sublattices, taking into account the diamagnetic character of the Sb°* cations. These magnetic
interactions are governed by direct d°-d® interaction through face sharing octahedra (dmn-cr =2.88 (1)
A). An AFM ordering is favoured through the direct overlapping of the to,g Mn - Cr orbitals along the
z direction.: dyy - dxy , dxz - dx; and dy; - dy, [47]. This interaction can also develop via superexchange
through p orbitals of the intermediate oxide anions. The orientation of the metal orbitals into the
octahedral site determines that this superexchange interaction must occur through the eq orbitals: d,
-p-d-?and di2. 2 - p - di?.,2. Since eq orbitals of Cré* cation are empty, this superexchange interactions
are relatively weak, what justifies the low value of the Ty attained in this oxide. The AFM nature of
both direct and indirect interactions are cooperative [34].

On the other hand, the interactions within each type of magnetic sublattice occur between nearest
neighbour Mn?*-Mn?* and Cr3*-Cr3* cations. These pairs of cations are located into edge sharing
octahedra, where each octahedron shares a total of three edges with the three nearest octahedra of the
same (00z) layer (see bottom panels of Figure A2.1 in Appendix Il). Their magnetic interactions are
also determined by the competition between direct and indirect correlations. The direct cation-cation
interaction occurs via tag-Oxy Or dx, orbitals, while the superexchange interactions at ~ 90 °© (see Table
3.4) are dominated by d,? - p - di® % and di% % - p - di’ y? interactions. Both direct and indirect
interactions favour the AFM alignment of the spins within each sublattice.

In summary, both sublattices and their relative orientation should be antiparallel in the ILO structure.
However, the cationic distribution prevents such a complete AFM behaviour: the stacking of
consecutive (00z) layers originates the appearance of intercalated FM and AFM interlayer
interactions (see Figure A2.2 in Appendix Il). The coexistence of alternated FM and AFM spins into
an hexagonal lattice interacting with another spin located at the centre of such a lattice, can be
understood as two coexistent FM sublattices simultaneously coupled to the central spin in opposed
directions. The described opposed FM sublattices, which form two twisted triangular lattices, induce
a strong magnetic frustration. This frustration along with the magnetic dilution of the Cr3* sublattice
weakens the intralayer correlations. Therefore, the system stabilises by rotating FM spins within the
Xy plane, thus giving rise to the detailed helical magnetic structure. Upon cooling, the shorter Mn-Cr
lengths elongate from 2.89 (1) A (at room temperature) to 2.92 (1) A (at 4 K), while the Mn-Mn (3.11
(1) A) and Cr-Cr (3.01 (1) A) remain approximately constant through temperature. Therefore, the
interlayer interactions progressively weaken upon cooling while the strength of the interlayer
interactions persists. This phenomenom induces the thermal dependence of the competition between
Mn-Mn and Mn-Cr interactions, which results in the variation of k..
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Since I'; and I'; Ireps are not distinguishable, all the magnetic sites are forced to follow the same Irep,
but the experimental data could also arise from the competition of the weak FM intralayer interactions
with their AFM natural trend. This would rotate each Mn and Cr sites towards opposite directions,
but the good fit of the simpler described model makes it the most probable solution.
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3.-Mn2FeSbOs
3.1- Double perovskite

3.1.1 - Synthesis and structural characterisation

The synthesis of Mn,FeSbOs also required the use of HPHT conditions. 5.5 GPa and 1523 K were
applied during 15 minutes in a Conac-type press, after which the temperature was quenched and the
sample was slowly depressurised. XRD measurements and further high resolution NPD data collected
at D2B (Figure 3.10a) confirmed the crystallisation of a nearly pure DPv structure in the P2:/n space
group with rock-salt order of Fe and Sb at the B sites. Complete structural details derived from the
Rietveld fit of the high resolution NPD data are shown in Table 3.6. A 4 % of antisite disorder among
Mn and Fe sites was determined from NPD provided their different scattering lengths (-3.73 fm and
9.45 fm respectively) [9]. The secondary phases included in the refinements, MnFe;O, [48] and the
high pressure polymorph of Mn3O4 [49], amount to < 1 % wt.

The cell parameters are slightly larger than those observed for the analogous Cr polymorph: a =5.234
(1) A, b=5.389 (1) A, c=7.642 (1) A and B = 90.372 (1)°. This difference is in accordance to the
larger ionic radii of Fe3* (V'ree®* = 0.645 A vs. V're®* = 0.615 A), which is also reflected in longer bond
distances (see Table 3.6). BVS calculations result in a similar apparent over-bonding of Sh*>* cation
due to its polarising effect.

The tilt angles, directly determined from the < B — O — B' > angles, are ¢ ~ 20.4°and 6 ~ 19.7 °,
similar to those discussed for the DPv_Mn,CrSbOs in accordance to their similar octahedral
distortions, A(SbOg) = 3.210° and A(FeOg) = 2.8 10, obtained from Eq. 3. Figure 3.10b shows two
different views of the DPv_Mn,FeShOs compound along [110] and [001] zone axes, where the aac*
tilt system can be observed.

a) xrRD D)
—~t :

5

g_. :

.g u ! Hh |I \I " :II\H”\HI :\:‘\”\l\.l::II:H”"'I””:T; I.\:\I:|m”\l|.||—|1:

o] . '

| NPD

5

S

=

é ;‘W;J‘.L;;L“L;:H |l ”“\ |H‘|:I\“‘ ‘||||I I;IH m:“ :l Y '|-|‘Ilt 5 : !

Q@ Mn
00

y - o
40 80 120 -“ o8 41}9 o Fe

20 (degrees) X

Figure 3.10. a) Rietveld refinements of Mn.FeSbOs DPv polymorph from XRD (up) and NPD

(bottom) data; MnFe,O4 and Mn3O4 secondary phases are included (2" and 3™ rows of Bragg

positions respectively). b) Structural model determined from NPD. aac™ out-of-phase and in-phase

tilts along [110] and [001] directions can be observed in the left and right projections respectively.
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Table 3.6.Crystallographic parameters, selected bond distances and angles for the DPv polymorph of
Mn,FeSbOs obtained from the Rietveld refinement of NPD data collected at D2B at 300 K.?

P2i/n a=5.2341 (1) A,b=5.3894 (1) A, c=7.6415(2) A, B =90.372 (2) °
Atom-site X y z Occ BVS
Mn/Fe- 4e -0.007 (1) 0.0488 (9) 0.746 (1) 0.96/0.04 | 1.8
Fe/Mn- 2d 0.5 0 0 0.96/0.04 | 2.8

Sb-2c 0 0.5 0 1 54
O;—4e 0.3072 (9) 0.3081 (5) 0.9390 (6) 1 _
02 —4e 0.3198 (9) 0.3080 (5) 0.5679 (6) 1 _
O3 —4e 0.8765 (6) 0.4450 (6) 0.7553 (5) 1 o
A-O d(A) B-O d(A)
Mn- O 2.610 (8) Fe- O1 (x2) 1.997 (4)
Mn - O 2.191 (8) Fe- Oz (x2) 2.032 (5)
Mn- O2 2.602 (8) Fe- Os (x2) 2.080 (5)
Mn- O; 2.158 (8) dav.(Fe - O) 2.036 (2)
Mn- O3 2.221 (6) Sb - O1 (x2) 1.970 (5)
Mn- O3 2.010 (8) Sb - 02 (x2) 1.980 (4)
R T I - A 1
A(FeOs) = 2.8%10* A(SbOg) = 3.2*10°
< Mn-O;-Fe > < Mn-O,-Fe > < Mn-Os-Fe >
81.6 (3); 113.5 (3) 82.1 (2); 103.5 (3) 91.2 (2); 105.1 (3)

3Fitting residuals: Rp= 3.77%, Ruwp= 2.86%, Rs= 6.27% and Rr= 4.59%,. °V; = 3,S;i= exp(ro — r;/0.37).
Values calculated using rj= 1.79 for Mn?*, 1.759 for Fe3*and 1.942 for Sb>*.

In accordance to the observed structural similarities between Mn,MSbOs M = Cr and Fe double
perovskite polymorphs, the HRTEM images collected for DPv_Mn,FeSbOs display the same features
observed for the M = Cr compound. The micrographs, not shown for that reason, correspond to a well
ordered structure free from defects with similar contrast patterns and close periodicities to those
explained in section 2 for the related Cr containing compound.

3.1.2 - Magnetic behaviour

The magnetic susceptibility data of the DPv polymorph of Mn,FeSbOs oxide (Figure 3.11) show a
complex behaviour. Direct susceptibility is affected by a high temperature contribution, assigned to
the well-known ferromagnetic behaviour of MnFe,O, oxide above room temperature [50]. This
contribution was calculated for the small proportion determined from NPD and subtracted from the
susceptibility data. After this correction, Figure 3.1la-top was obtained and the fitting of the
reciprocal susceptibility to the Curie — Weiss law in the 250 K - 300 K temperature range yields a
total magnetic moment Lexp = 10.36 (1) us and a Weiss constant 6 = -17.4 (6) K. The experimental
magnetic moment is close to the theoretical value expected for 2Mn?* (S = 5/2) and Fe®*" (S = 5/2)
sublattices (un = 10.25ug). The negative value of 6 and the presence of a maximum in the direct
susceptibility point to the development of antiferromagnetic interactions below Ty ~ 55 K. This AFM
behaviour is confirmed through the linear increase of field dependent magnetisation measurements
(Figure 3.11b). The FM contribution above 200 K coming from the ~ 1% wt. of MnFe;O4 is p = 0.05
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us. These observations are also in good agreement with those previously reported by Mathieu et al.
[51].

However, a noticeable anomaly in magnetic susceptibility is observed at T ~ 160 K. At that
temperature FC and ZFC data start to diverge pointing to the appearance of incipient FM interactions.
However, no additional FM contribution is observed in the magnetisation curves below that
temperature. This feature, assigned to a secondary phase by Tyutyunnik et al. [52], was further studied
under AC conditions, which showed an unexpected maximum at that temperature raising an order of
magnitude larger than that of the AFM transition in the imaginary contribution %" (See Figure 3.11a-
bottom). The appearance of such an intense peak in the AC susceptibility measurements may originate
an eventual MEC [53]. Consequently, the electric behaviour of the DPv_Mn.FeShOs was also
analysed in terms of electric resistance measurements (detailed below).

A more detailed magnetic characterisation was carried out in terms of neutron diffraction at different
temperatures. High resolution data were collected at D2B at room temperature, 70 K and 2 K. These
patterns, depicted in Figure 3.11c-top, show clear magnetic peaks at 2 K in the low angle region, but
only a bump at 70 K in the same angular range. This feature points to the existence of short range
magnetic correlations, but no long range interactions are detected below the described anomaly at
160 K. These short range magnetic correlations could be explained on the basis of the onset of FM
superexchange interactions through oxygen at 90° via pc overlapping, favoured for d°>-d® interactions
[34][3].

In order to check the accurate thermal dependence of the net magnetic behaviour of DPv_Mn;FeShOg,
its thermal diffraction was studied from NPD profiles collected each K upon heating from 1.5 K up
to 60 K at D1B. As observed in Figure 3.11c-bottom, the magnetic peaks present in the 1.5 K pattern
are not retained up to 60 K. Moreover, no differences are observed between the patterns collected at
140 K and 60 K, what confirms the absence of any magnetic long range order in that temperature
range.

A careful examination of the complete thermodiffraction pattern, focussed in the 10 ° - 60 ° angular
range up to 60 K in Figure 3.11d, showed neither the appearance of new magnetic peaks nor the
increase of the intensity of the nuclear ones down to Ty ~ 55 K. The patterns collected at low
temperatures clearly show the onset of magnetic diffraction peaks below Tn ~ 55 K and the increase
of intensity of some nuclear peaks upon cooling.
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3.-MnzFeSbOs
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Figure 3.11. Magnetic behaviour of Mn,FeSbOs double perovskite polymorph in terms of a) thermal

dependence of the susceptibility under DC (top) and AC (

bottom) conditions and b) field dependent

magnetisation measurements. ¢) NPD profiles collected at 2 K, 70 K and 300 K at D2B diffractometer
(top) and at 1.5 K, 60 K and 140 K at D1B instrument (bottom). d) Thermal evolution of the
diffraction patterns collected each K at D1B focussed in the 10 ° - 60 ° angular range up to T = 60 K.
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The determination of the magnetic structure at low temperatures was carried out through the Rietveld
refinement of the high resolution NPD data collected at 2 K at D2B. All the magnetic peaks can be
indexed with an incommensurate propagation vector along the y axis: k = [0 0.426 0]. The symmetry
analysis performed with BasIReps software [35] resulted in 2 possible Ireps, shown in Table 3.7. All
the possible solutions imply the distinction of two independent sites for Mn?* spins and another one
for Fe** cation. Both Ireps contain three basis vectors determining the cooperative (FM) alignment of
spins of equivalent positions along the propagation direction and their AFM coupling over the xz
plane (T"1) or the other way around (I'z). Under any of them, the approaching procedure includes two
main possibilities for refining these components:

i) Refining only Fourier coefficients C1 or C3 would originate a sinusoidal wave running
along the y axis, with spins of variable modulus confined to the x or z axis respectively. Those waves
would seem like that of Figure 3.12a-top for the FM aligned spins or as an envelope wave, as that
schematised in Figure 3.12a-bottom, for the AFM phase. None of these sine waves seem probable
solutions as, although they can fit the experimental data, the magnetic moments should vary between
0 and maximum values of wres+) = 5.3 (2) us and punz+= 7.0 (1) us when confined to the x direction
and presty = 4.5 (2) ps and pvnz+y = 9.1 (1) pus when confined to the z axis. These values are not
realistic since both Mn?* and Fe®" expected magnetic moments are um=5 pg. Their large variation in
these models seems to compensate the absence of an orthogonal contribution. Moreover, the similar
behaviour of their BV under both Ireps point to the better combination of both contributions, as
indicated in option ii).

ii) Refining both C1 and C3 coefficients simultaneously would materialise as a helix running
parallel to the propagation vector direction. The restraint of both components to the same value
originates a circular helix (Figure 3.12b-top) similar to that observed for the ILO polymorph of the
Mn,CrShQOs oxide, and the independent refinement of each coefficient originates an elliptical helix
(Figure 3.12b-bottom). The differences between circular and elliptical helix magnetic structures are
further discussed below.

x/z:‘-_ . S a) z b)

AN AN x
YN

Figure 3.12. Schematic propagation along the y axis of the magnetic structures refined as a) FM (top)
and AFM (bottom) sine-waves and b) circular (top) and elliptical (bottom) helices.
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Table 3.7. Real (BasR) and imaginary (Basl) components of the BV of the allowed Ireps for the
magnetic structure of the DPv polymorph of Mn,FeSbOg with propagation vector « = [0 0.426 Q].

Irep
Symm E
X, ¥, Z C1 C2 C3
Bas R 100 010 001
Bas | 000 000 000
X+1/2, y+1/2, -z+1/2 C1 C2 C3 .
Bas R -0.230400 00.23040 00-0.2304
Bas | 0.973100 0-0.97310 000.9731
I';
X, ¥, Z C1 C2 C3
Bas R 100 010 o001
Bas | 000 000 000
-X+1/2, y+1/2, -z+1/2 Cil Cc2 C3 .
Bas R 0.230400 0-0.23040 000.2304
Bas | -0.973100 00.97310 00-0.9731

The refinement of the helical model needs for the Irep I';, since the use of the AFM one would
originate two interpenetrated AFM spirals of Fe** and Mn?* spins, rotating in the same direction. On
the other hand, the restraint of antiparallel C1 and C3 components of I', originates satisfactorily the
AFM contribution in a simple helix.

The first attempt to refine the described helical structure considered the constriction of both x and z
components to a unique value, what resulted in a good fit for the 2 K data collected at D2B (Figure
3.13a-top). The resulting magnetic moments amount to 4.9 pg and 4.3 pug for Mn and Fe respectively.
This magnetic structure can be described as a circular spiral, where all the spins, confined to the xz
plane, rotate with a constant modulus (magnetic moment) describing a complete circle after ~ 2.35
unit cells along the y axis.

However, this refinement slightly improves when the magnetic contributions along x and z directions
are allowed to be independent (see Figure 3.13a-bottom). In that case, an elliptical spiral is obtained,
where the maximum components to the magnetic moments amount to 5.9 g and 3.3 pg along x and
z directions for Mn?* and to 4.4 ug and 4.1 pg for Fe** along the same directions. Due to the negligible
difference between the agreement factors of these two models from D2B data, the same refinements
were carried out for the magnetic signal collected at D1B using a more suitable wavelength (2.52 A).
The larger wavelength used in this instrument allows a better resolution in the low angles range, in
detriment of the high angles region, which is less useful for the magnetic superstructure
determination.

Hence, a difference pattern was calculated by subtracting the diffraction profile collected at 140 K to
that taken at 2 K. The unique contribution to this diffraction pattern comes from the magnetic phase.
The positions of the three magnetic atoms and the peak shape determined from a previously optimised
nuclear refinement of the 140 K data were used as starting parameters

Figure 3.13b shows the Rietveld refinements of the magnetic phase with both models. A better fit is
obtained for the elliptical helix, with a magnetic reliability factor Rmag = 11% in contrast to the Riag
= 20% obtained for the circular helix. The magnetic structure at low temperatures is therefore
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described as an elliptical helix of the Mn?* and Fe®*" spins running through the y axis. The magnetic
contributions of Mn?* and Fe** spins along x and z directions are px (Mn?") = 5.5 (1) pg, uz (Mn?") =
3.1(2) e, px (Fe*) = 4.6(1) us and p, (Fe*) = 3.0 (2) pe. Two different views of this magnetic
structure are depicted in Figure 3.13c.
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Figure 3.13. a) Rietveld refinements of the low temperature magnetic structure from D2B data
collected at 2 K, using the circular helix (top) and the elliptical spiral (bottom) models. b) the same
models are used to fit the single phase magnetic structure from the 2 K - 140 K D1B difference
pattern. ¢) Two different views of the magnetic structure stabilised at low temperatures.
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The origin of the described incommensurate helical magnetic structure may be the magnetic
frustration induced by the competition between the two discussed short range magnetic interactions
opposed in sign but equivalent in strength. On the one hand, AFM A-O-B superexchange interactions
are operative between Mn?* and Fe®" spins. However, additional FM interactions are allowed in the
Fe containing compound via pc overlapping [34].

The presence of two extra electrons in the valence shell of Fe3* cations respect to Cr®*, strengthens
the magnetic interactions in this DPv structure. As a consequence, the discussed short range magnetic
interactions occur below 160 K, which is 100 K larger than the observed Tn of DPv_Mn,CrShOs.
However, the competition between the discussed AFM and FM short range interactions disrupts the
development of long range AFM correlations, which do not occur down to Tn ~ 55 K, originating the
described helical magnetic structure as consequence of magnetic frustration.

3.1.3 - Electric behaviour

As pointed out during the discussion on the magnetic behaviour, the slight magnetic response
observed in DC susceptibility measurements is ascribed to the short range order of both the AFM
matrix and the FM inhomogeneity. However, the appearance of such a sharp response in the AC data
at T ~ 160 K compared to that observed at low temperature, points to the coexistence of these short
range magnetic correlations with a transition of a different origin. It has been observed in the literature
that the coexistence of two short range magnetic phases can originate a hysteresis loop in resistance
measurements due to their different conductivities [54]. A similar behaviour could be expected for
DPv_Mn,FeSbOs in light of the experimental data, which may give rise to a magneto-electric
coupling (MEC).

In order to check this assumption, resistance measurements were carried out using a Quantum Design
PPMS. Conventional resistivity measurements [55] revealed the high resistivity of the sample.
Therefore, a two - probe technique was used to measure tiny currents under large voltages (up to 20
V), applied by a Keithly 2410 SourceMeter [56]. This local sense mode allowed the accurate detection
of currents in the picoamper range [57].

The results, depicted in Figure 3.14a, show a hysteretic behaviour of the resistance as a function of
temperature. The hysteresis loop is centred at T ~ 160 K, coinciding with the described unexpected
AC magnetic response. It is also worth noting that the clockwise sense of this loop is expected to get
reversed under the application of a magnetic field, since the more conductive FM phase is enhanced
at H # 0. In such conditions the thermal dependence of the resistance should follow a counter-
clockwise loop as that schematised in Figure 3.14b, where the black curve identified with the number
1 represents the schematic resistance upon cooling and the red one identified with the number 2
indicates the lower resistance values expected upon heating.
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Figure 3.14. Electric behaviour of the DPv polymorph of Mn,FeSbOs in terms of its resistance thermal
evolution. a) experimental clockwise hysteresis loop upon cooling (1, black) and heating (2, red) at
H = 0. b) scheme of the expected counter-clockwise behaviour under an applied magnetic field.

It is well known that the development of spiral spin structures can break inversion symmetry and
generate multiferroicity [58]. In this context, Mathieu et al. [51] predicted a related helical magnetic
structure for this compound through theoretical calculations and estimated an electronic polarisation
P ~ 10 uC/m?. However, it is remarkable that our experimental data do not show any evidences for
an electric response at the magnetic ordering temperature. Otherwise, the cooperative long range
magnetic order at Ty ~ 55 K deletes any differences between both FM and AFM short range magnetic
phases, thus stabilising a constant average resistance.

The discussed results demonstrate that the substitution of M by different 3d" transition metals induces
notable functional modifications in Mn.MSbhQOg DPv polymorphs. In this context, the results obtained
for the M = Fe and Cr containing compounds should be compared. The use of M = Fe** induces the
onset of disordered magnetic regions of different natures. Their competition has been found to give
rise to both a magnetic and an electric response in a similar temperature range, thus originating an
apparent small MEC. Since the magnitude of this possible effect is rather small, a further study
including resistance measurements under an applied magnetic field has been considered not worthy.
However, the composition-structure-properties relation determined from this study can be considered
as a starting point to optimise the functional behaviour of these oxides in the search for new
multiferroic materials.

The appearance of a more complex behaviour in DPv_Mn,FeSbOs can be explained in terms of the
isoelectronic character of 3d° Fe®** and 3d® Mn?* cations. In light of this trend, the enhancement of the
proposed MEC can be pursued through the substitution of M by selected d" (n # 5) transition metals
large enough to induce higher antisite exchanges with Mn. The modulation of the A-B site exchange
between non-isoelectronic cations is expected to induce varying magnetic interactions which could
give rise to potential interesting properties. For instance, among the first transition metals the 3d*
MnS3* cation (r = 0.645 A) [14] is expected to have a better relation between the ionic radius and the
electron configuration: its similar size respect to the discussed Fe®* cation may not induce a larger A-
B site exchange but its aliovalent configuration may enlarge the dielectric response. A comparable
electron variation would be induced by substituting M by the 3d® Co®* cation, but its small size (r =
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0.61 A) is comparable to that of Cr®* so it cannot be expected to get stabilised into the large A-site
cuboctahedral void. On the other hand, the larger 3d? V3 (r = 0.64 A) and d* Ti* (r = 0.67 A) are
prone to originate partial site exchanges but their scarce number of electrons will originate low
magnetic moments and negligible MEC effects.

Therefore, it seems that the studied Mn,FeSbOs composition is among the best candidates of the
studied Mn,MSbO¢ family to be multiferroic. It is now interesting to focus on the possibility of
originating an enhanced functional behaviour of this compound upon inducing its phase transition
into an ILO polymorph, in an analogous manner to that observed for the related DPv_Mn,CrShOe.
Provided the disordered configuration of Fe**/Sb®" cations into the ILO modification, the random
distribution of face-sharing d® Mn?* - d® Fe®" (paramagnetic) and d® Mn?" - d° Sb*" (diamagnetic)
dimmers could be subject of a local symmetry breaking under the application of an external magnetic
field, what turns it into a potential multiferroic material of spin origin [59,60].The complexity of the
proposed study relegates it to future work.

3.1.4 - Thermal stability

As previously explained for the isostructural compound with M = Cr, the thermal stability of the
double perovskite polymorph of Mn,FeSbOs has been studied through thermal diffraction. The same
heating profile, with heating ramps of 5 K / min and diffraction measurements of 30 minutes every
50 K up to 723 K, was performed. Figure 3.15 shows the results obtained for the thermal evolution
of this compound, where a similar phase transition to an ilmenite polymorph is observed. The
transition starts at 573 K, depicted in red in Figure 3.15, when the intensity of the diffraction peaks
of the perovskite structure sharply decrease and the most intense peaks of the ILO - type structure
appear. The transformation is completed at 623 K, when only the diffraction peaks assigned to the
ilmenite polymorph are observed.

The DPv to ILO transition was explained in section 2 for the Cr containing compound to imply the A
/ B sites exchange. The Rietveld refinements of DPv_Mn,FeSbOg oxide showed a small proportion
of A / B sites already exchanged, what evidences the major tendency of this compound to stabilise
this site switching and justifies the lower temperature needed to induce this transition.

Perovskite

20 (degrees)

Figure 3.15. Thermal evolution of the XRD patterns of DPv_Mn2FeSbOg upon heating at room
pressure up to 723 K.
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3.2- llmenite

3.2.1 - Synthesis and structural characterisation

The ILO polymorph of Mn2FeSbOg oxide was synthesised under moderate pressure conditions. 3 GPa
and 1473 K were applied to the homogeneous mixture of the binary oxides (Mn,0s, Fe;O3z and Sh,03)
in a Conac-type press. The synthesis process required 30 minutes to complete the solid state reaction,
after which temperature was quenched and pressure was progressively suppressed.

The preliminary structural characterisation of this product, performed through XRD data, reveals that,
in contraposition to the isostructural Mn,CrSbOg oxide, Mn2FeSbOs ilmenite polymorph can easily
be isolated through this method. Consequently, although this compound can also be obtained from
the high temperature phase transition of the high pressure DPv polymorph, the structural and
functional studies of this compound presented along this subsection were carried out from the direct
synthesis product. The use of higher pressures normally produces an increment of undesired
secondary phases that will also be present after the thermal treatment to induce the phase
transformation.

The Rietveld refinement of both XRD and high resolution NPD data collected at room temperature

(Figure 3.16a) evidenced the crystallisation of the sample in the rhombohedral R3 space group with
cell parameters a = 5.2321 (2) A and ¢ = 14.3722 (8) A. No difference can be appreciated between
Mn and Fe in XRD as a consequence of their similar atomic numbers Zu, = 25 and Zr. = 26, as
previously described for the analogous Mn,CrShOg oxide. Therefore, NPD is needed to complete the
structural characterisation. The difference in the neutron scattering lengths allows to distinguish
between the negative value of Mn sites (-3.73 fm) and the positive ones of Fe and Sb (9.45 fm and
5.57 fm respectively) [9]. Furthermore, a clear difference in the NPD patterns should be appreciated
if Fe and Sb were somehow ordered, since the tabulated coherent neutron scattering length for Fe is
about twice as long as that of Sh. The optimised structural model of ILO_Mn,FeSbOg oxide, depicted
in Figure 3.16b, is straightforward obtained by fitting the experimental data using the
ILO_Mn,CrShOgs structure as a starting model [1]. The structural features, including atomic positions
and main interatomic distances and angles, slightly different from those of the isostructural compound
with M = Cr, are detailed in Table 3.8.

The c cell parameter is similar to that observed for the ILO_Mn,CrSbOs, but a larger a value is
obtained in agreement with the larger ionic radius of Fe®* (Y'ree* = 0.645 A, V're** = 0.615 A). The
same tendency is found for the bond lengths, as the averaged value of the experimental Mn-O bonds
is rather constant but the averaged M/Sb-O bonds increase 0.022 A for M = Fe vs. M = Cr. The
octahedral distortions, calculated from equation Eq. 3, are also similar for MnOs but up to three orders
of magnitude higher for Fe/SbOs octrahedra than those of Cr/SbOe. The difference on this distortion
is induced by the larger displacement of B-site cations from their ideal sites in the centre of their
octahedra. This value, determined from the difference between the ideal 1/6 and 1/3 z coordinate of
the cationic positions and the experimentally determined accurate positions, are dv, = 0.403 A and
dressh = 0.216 A. As expected, the displacement of Mn?* cations is not far away from that determined
for the isostructural Cr containing compound (dwn = 0.360 A), but Fe3*/Sb** are farther displaced
(densp = 0.115 A) due to the different electronic environments of Cr3* (d®) and Fe** (d°) cations: the
electrostatic repulsion of Mn - Fe pairs is higher than that of Mn - Cr, what justifies the larger cation
shifts and octahedral distortions found in ILO_Mn,FeSbOs. BVS calculations from M - O distances
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using a standard interpolation method [13] yielded Mn?%*, Fe3%* and Sh*®*, thus confirming their
expected oxidation states into the nominal Mn.FeSbOs composition.
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Figure 3.16. a) Rietveld refinements of the XRD (up) and NPD (bottom) data of ILO_Mn.FeSbQs.
MnFe,04 and Sh,O, secondary phases are included (2" and 3" rows of Bragg positions). b) Two
different projections of the structural model determined from NPD, along [010] and [001] directions.
The displacement of the cations from (00z) layers is identified as dm and schematised as black and
grey arrows for Mn and Fe/Sb, respectively.

dreron=0.216 A
+d!\/|n =0.403A

Table 3.8.Crystallographic parameters, selected bond distances and angles for the ILO polymorph of
Mn,FeSbOs from the Rietveld refinement of NPD data collected at D2B at 300 K.?

R3 a=5.2321 (2)A c=14.3722 (8) A
Atom-site X y z Occ BVS
Mn- 6¢ 0 0 0.1384 (4) 1 2.0
Fe/Sb— 6¢ 0 0 0.3486 (2) 0.5/0.5 | 3.0/4.9
O- 18f 0.2897 (4) -0.0211 (5) 0.2562 (2) 1 .
A-O d (A) B-O d A

Mn - O (x3) 2.312(5) Fe/Sb - O (x3) 2.059(3)

Mn - O (x3) 2.109 (3) Fe/Sb - O (x3) 1.971(3)

dav.(Mn - O) 2.215 (2) dav.(Fe/Sb - O) 2.015 (2)

A(MnOQOg) 2.1*10°° A(Fe/SbOg) 4.8*10*

<Mn-0O-Mn > <Fe - 0O - Fe> <Mn-0 - Fe>
90.3 (2) 98.0 (2) 118.2 (2); 127.7 (2)

“Fitting residuals: R,= 3.4%, R.,= 4.6%, Rg= 4.0% and Rr= 2.9%,. Vi = %;S;ji= exp(ro —
rij/0.37). Values calculated using rij= 1.79 for Mn?#*, 1.759 for Fe**and 1.942 for Sbh°*.
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3.2.2 - Magnetic behaviour

The magnetic characterisation of the ILO_Mn,FeSbOs sample was performed through temperature
dependent magnetic susceptibility and magnetic field dependent magnetisation measurements. On the
one hand, the direct susceptibility data, depicted in Figure 3.17a, show up to three different changes
of slope. The first of them, enlarged on the inset, occurs at T ~ 500K. It appears as a very subtle
response in the context of the large transitions observed at lower temperatures, though it is worth
noting that the Curie constant above and below this transition changes from 11.38 to 10.57, what
implies a variation of the magnetic moment of 0.35us /f.u. This subtle but effective transition is
assigned to an external parameter slightly affecting the magnetic susceptibility at that temperature.
compound which will be further explored in future studies..

Concerning the other two magnetic transitions, a large ferrimagnetic coupling is observed at Tni ~
260 K, coincident with the observations predicted by Mathieu et al. [61], and a smaller inflection
point appears at Tn2 ~ 50 K. The linear fit of the reciprocal susceptibility data to the Curie-Weiss law
in the 650 — 530 K temperature range yields a Weiss temperature 6 = -464.4 K and a total magnetic

moment plexp = 9.54 pg /fu., in agreement with the expected pm = 10.25 us /f.u. for 2 Mn?* and
Fe¥*sublattices.

Field dependent magnetisation measurements, depicted in Figure 3.17b, show an S-shape plot at all
the measured temperatures, with small coercive fields (~ 28 Oe) and saturation magnetic moments
up to 4.5 pg at 2 K. The S-shape of these M vs. H curves indicates the absence of domains in the
crystals, what added to the observed saturation value and to the nature of the transition observed at
Tn1 in magnetic susceptibility curves, point to the antiparallel arrangement of two FM sublattices.
Such magnetic structure coincides with 2 Mn?* (2*S = 2*5/2) opposed to Fe** (S = 5/2) spins, what
originates a net FM contribution equivalent to that of an S = 5/2 cation.
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Figure 3.17. Magnetic behaviour of ILO_Mn,FeSbOs in terms of a) thermal dependence of the
magnetic susceptibility and b) field dependent magnetisation measurements. The insets show the
enlargement of a) the high temperature magnetic transition and b) the small coercive field ~ 28 Oe.
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In order to confirm this predicted magnetic structure and to determine the direction of the aligned
spins, NPD patterns were collected at the high intensity D20 instrument every 0.7 K in the temperature
range 280 K —4 K. Figure 3.18a shows a magnification of the low angle region of these diffraction
patterns, where the nuclear (003) and (101) reflections are observed to increase their intensity below
Tni~ 260 K. Figure 3.18b shows a two-dimensional thermal evolution of these peaks, where the
darkening of their red colour indicates their increase of intensity starting at ~ 275 K and stabilised at
Tna~ 260 K. This magnetic transition does not originate the appearance of any new Bragg peaks, what
reveals a propagation vector k1 = [0 0 0].

High resolution NPD data were also collected at 150 K and 4 K at D2B diffractometer using
wavelengths A = 2.398 A and 1.594 A: the longer one is more suitable for discerning the magnetic
peaks appearing at low angles and thus to determine the propagation vectors; otherwise, the shorter
one is better for fitting the magnetic moments. The magnetic peaks at 150 K can be indexed with a
propagation vector k1 = [0 0 0]. The symmetry analysis under this propagation vector for the atomic
positions summarised in Table 3.8 yields six possible Ireps of one single BV for both Mn and Fe sites.
As shown in Table 3.9a, three of them (I'z, I'4 and I's) describe an AFM alignment of the spins and
the other three (I'y, I's and I's) describe a FM one. As deduced from the results of the M vs. H data,
the magnetic structure should be ferro- or ferrimagnetic, for which the Ireps describing AFM
structures can be excluded. Testing the FM Ireps by refining the 150 K data, it turned out that there
is no spin contribution along the z direction, thus excluding I'; too. Both Mn and Fe spins appear to
follow the same Irep (I's or I's), though they are independent magnetic sites and could behave in
different manners. As discussed in the isostructural Mn,CrSbOs, these two Ireps (which are
equivalent to the so-called I'; and I's in the low temperature structure and the M = Cr compound) are
undistinguishable, since they stand for the propagation of the same spin order towards opposite
directions.
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Figure 3.18. Thermal evolution of the NPD profiles of the ilmenite polymorph of Mn,FeSbOs oxide
enlarged for the low angles range. The spin reorientation is easily observed in Figure a), where the
patterns obtained at the most significant temperatures are labelled: Tni and Tz, the beginning of the
spin reorientation process and that at which the collineal structure has been refined (150 K).. The
appearance of the magnetic satellites featuring the low temperature magnetic structure is evidenced
in Figure b), where the thermal evolution of the diffraction peaks at low angles is depicted for the
complete 280 K — 4 K temperature range. The peak appearing at T ~ 120 K is the main magnetic peak
of the secondary MnO phase, that is only visible due to its strong magnetic contribution.
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Table 3.9. Real (BasR) and imaginary (Basl) components of the BV of the allowed Ireps for the
magnetic structures of the ILO polymorph of Mn;FeSbhOs from the symmetry analysis of NPD data

collected at D2B at a) 150 K with propagation vector k1 = [0 0 0] and b) 4 K with propagation vector
K2 = [0 0 5].

a) 150 K , 1 = [0 0 0] b) 4 K, 2, =[00 8]
X\ V. 7z X, <Y, -Z X,V 7z
Irep mm Bas R Bas R Irep mm Bas R
Bas | Bas | Bas |
r 001 001
! 000 000 r 001
T, 001 00-1 ! 000
000 000
r 15 0 0 1.5 0 0
3 -0.8660-1.7321 0 | -0.8660-1.7321 0 r 15 0 0
I, 15 0 0 1.5 0 0 2 -0.8660 -1.7321 0
-0.8660 -1.7321 0 0.8660 1.7321 0
r 15 0 0 1.5 0 0
> 0.8660 1.7321 0 0.8660 1.7321 0 r 1.5 0 0
r 1.5 0 O 15 0 0 3 0.8660 1.7321 0
6 0.8660 1.7321 0 | -0.8660 -1.7321 0

Therefore, the Rietveld refinement of the NPD data collected at 150 K (Figure 3.19a) was performed
using I's Irep for both magnetic sites and constraining them to have opposite signs. This refinement
resulted in a collinear ferrimagnetic structure, depicted in Figure 3.19b. The orientation of the spins
along x or y directions cannot be distinguished from powder data due to their equivalent symmetry
restrictions. Summarising, this structure can be described as the collinear alignment of spins along
the x axis in two antiparallel (2Mn?* and Fe**) FM sublattices. The magnetic moments in this structure
amount to 2.5 ug and 3.2 ug for Mn and Fe respectively. It is worth noting that these values are rather
low but agree with the low saturation value in the magnetisation curves at this temperature.

a) b).
5t «g' *ﬁ: \
f§: . | 1 YW
E{ N TSN R Kk, =[00 0]
E ettt et pr =25,
10 50 90 130

] =-o— F S B
20 (degrees) L= -_/;,L Hee :

Figure 3.19. a) Rietveld refinement of the NPD data of ILO_Mn,FeSbOs polymorph collected at 150
K at D2B. Mn,Sh,0; and MnO secondary phases are included (3 and 4" rows of Bragg positions).
b) Two different projections of the magnetic structure determined from a).
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However, this structure does not represent the magnetic ground state of the system. Noticeable
changes appear in the NPD data upon cooling down to 4 K, as evidenced in Figure 3.18. First, the
MnO secondary phase becomes magnetic at ~ 120 K, as observed from the magnetic reflection arising
at ~ 27 °. Afterwards, the ILO phase undergoes a second magnetic transition at ~ 50 K, where the
described magnetic phase ruled by 1 = [0 0 0] turns into an incommensurate magnetic structure, as
indicates the appearance of new satellite peaks around (003) reflection.

The high resolution NPD data collected at 4 K can be indexed with a propagation vector k, = [0 0
0.07]. The magnetic symmetry analysis shows that the cation sites 00z and 00-z, which were coupled
at 150 K, become now independent under the new propagation vector. Consequently, four
independent magnetic sites are now based on three Ireps, summarised in Table 3.9b. The refinement
of these data (Figure 3. 20a) assuming a low temperature magnetic structure related to the high
temperature one, with spins on 00z and 00-z sites following the same Irep and having the same
magnetic moment, reproduced very well the intensity of the new satellite peaks upon introducing a
phase factor. Therefore, the main change happening at Ty is the variation from the knr = [0 0 0] to
ket = [0 0 8], resulting in a helical structure running parallel to the z axis with the magnetic moments
of both antiparallel Mn?* and Fe** sublattices turning within the basal xy plane. Two different
projections of this magnetic structure are depicted in Figure 3.20b.

It is worth noting that the refinement of the described model fitting the data collected under both
wavelengths resulted in slightly different features. On the one hand, the shortest wavelength (A =
1.594 A) fits .1 = [0 0 8] to & = 0.069 and the magnetic moments to 4.8 (1) us for Mn?* sites and 4.7
(1) ps for Fe3*. The included phase factor, required to fit this model as a consequence of the splitting
of each Mn and Fe sites into two independent magnetic sites, describes the turning angle from 00z to
00-z sites. It refines to ¢ = 0.142 (3), which corresponds to a ~ 51 ° turning angle. On the other hand,
the use of the longest wavelength (A = 2.398 A) resulted in slightly reduced magnetic moments of 4.5
(1) us for both Mn and Fe, a similar phase angle of ~ 53 © and a propagation vector .+ = [0 0 0.072].
Since the data taken at 2.398 A have better resolution, they are more appropriate for determining the
value of § in the propagation vector. Otherwise, the data collected under 1.594 A give more reliable
magnetic moments due to their increased Q-range.

Intensity (a.u.) &

g | l ‘.H ‘]f-' \.[ ”H IIH‘IW\'“I{H‘\H‘H ‘l‘ll\l \-I 'I'H\I I\Hlé = ‘;# : [0 0 0 07]
P ————— *‘lf%_ﬁ”: = 48 1

10 50 90 130 | o= W, =4.7 ug
20 (degrees) X

Figure 3.20. a) Rietveld fit of the 4 K NPD data of ILO_Mn,FeSbOs collected at D2B. Mn,Sh,0~
secondary phase is included (3" row of Bragg positions). Two excluded regions mask the magnetic
peaks of secondary MnO. b) Two different projections of the magnetic structure determined from a)
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To sum up, this magnetic structure, depicted in Figure 3.20b, can be described as an incommensurate
helix running along the z axis with a propagation vector k2 = [0 0 0.07]. Both Mn and Fe spins rotate
within the basal xy plane under a magnetic phase factor ¢ = 0.142 (3), which defines a 51 ° turning
angle between the independent magnetic sites. The magnetic moments amount to 4.8 (1) ps/f.u. and
4.7 (1) pef/f.u. for Mn?" and Fe** respectively, in good agreement with the expected 5 pg/f.u. for both
S = 5/2 cations. This value is also in accordance to the saturation value of the magnetisation curve
measured at 2 K.

In order to understand the origin of the spin reorientation of this sample, further discussion on the
types of magnetic interactions is needed. The magnetic transition at 260 K is assigned to a
ferrimagnetic behaviour, resulting from the antiparallel alignment of Mn and Fe sublattices. The
magnetic structure determined from the refinement of 150 K data agrees with the predicted magnetic
behaviour from susceptibility and magnetisation curves. As detailed for the analogous
ILO_Mn,CrSbOs compound and in Appendix I, the AFM interactions among Mn?* and Fe®*
sublattices are governed by the direct overlapping of the tog orbitals which originates the direct cation-
cation interactions through face sharing octahedra [47]. Moreover, these interactions are reinforced
by superexchange interactions through oxygen via ey orbitals [34] (see Appendix Il for further
details). In this case, both A (d°®> Mn?*)- and B (d°® Fe®")-site cations have half-filled d,? and dy*- 2
orbitals, what justifies their stronger interaction and the consequently higher Tn; of this oxide: note
that the ordering temperature of this transition increases 200 K upon substituting M = Cr (3d°) by Fe
(3d°).

On the other hand, FM d®-d°correlations are observed within each magnetic sublattice. According to
the nuclear structure, these coplanar cations should interact AFM either directly through the tyg
orbitals oriented towards the octahedral edge or through superexchange pathways. As detailed in
Appendix 11, both Mn,CrSbOg and Mn,FeSbOs ILO polymorphs show a strong competition between
(002) interlayer and intralayer interactions as a consequence of their incompatibility. Since not all the
magnetic correlations in the corundum derivatives can be AFM, the discussed competition favours
the antiparallel coupling between both sublattices, in expense of the interactions within a (00z) layer,
which become forced to align FM.

Upon cooling, the Mn - Fe/Sb distances elongate but the Mn - Mn and Fe - Fe ones remain
approximately constant, what makes both intralayer and interlayer interactions similar in strength but
opposite in sign. Their enhanced competition thus gives rise to their magnetic frustration, what
originates the development of a similar incommensurate helical modulation to that observed for the
isostructural M = Cr compound. The progressive evolution of these magnetic exchanges resulted in
the thermal dependence of the propagation vector in the Cr containing compound in a continuous
magnetic transition, but apparently a single propagation vector for the helical magnetic structure
should describe a more abrupt magnetic transition at low temperatures in the ILO_Mn;FeSbhOs oxide.

However, as pointed out from the analysis of the thermodiffraction patterns of Figure 3.18, a gradual
spin reorientation occurs through a wide temperature range. In this scope, Mn?* and Fe3* spins may
slowly rotate from their stacked antiparallel directions along the x axis of the commensurate magnetic
structure appearing at Tn1 ~ 260 K towards their independent orientations in the incommensurate
helical magnetic structure determined at low temperatures. This subtle reorientation starts at T ~ 210
K, where a change on the intensity of the magnetic peaks is observed in the thermodiffraction. The
intensification of this reorientation observed in the thermal evolution of the NPD patterns at ~ 180 K
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agrees with the thermal dependence of the magnetic susceptibility data and with the magnetic field
effect over the magnetisation measurements. However, the determination of a new propagation vector
is not possible down to the so-called Tn2 ~ 50 K, where satellite reflections appear around (003) peak.
The small z component of the propagation vector determined at 4 K evidences the slow evolution of
this spin reorientation upon cooling down to 4 K from the maximum intensity of the magnetic peaks
arising at the first magnetic transition (260 K).

The low magnetic moments determined from the Rietveld refinement of the high resolution NPD data
collected at 150 K can be explained in terms of this progressive rotation: in the model for the magnetic
structure at that temperature Mn?* and Fe3* are restrained to be collinear, since their rotation within
the xy plane is infinitesimal. For this reason, the lower intensity of the main magnetic peaks (003) and
(101) refines to lower ordered moments, in the absence of new satellite reflections indicating the new
direction of the already ordered spins.

The small 6 value of the k. defines the ¢ parameter of the magnetic cell as 1/0.07 ~ 14.3 times larger
than that of the nuclear cell, i.e. ~ 205 A. The smaller propagation vector in ILO_Mn,FeSbhOs
evidences a smaller magnetic frustration than that of ILO_Mn,CrSbQs. The interaction between Mn
and Fe (00z) layers is stronger through the overlapping of two half-filled orbitals, what diminishes
the magnetic frustration of this system. The result of this smaller frustration is the stabilisation of
smaller rotation angles between consequent layers. On the other hand, the larger frustration of the Cr
containing compound originates multiple helical magnetic structures of similar energy, which evolve
with temperature. Provided the lower stability of each magnetic structure, this evolution occurs in a
shorter temperature range: the magnetic structure of Mn,FeSbOs is more stable, featuring its slow
thermal evolution.

As proposed for the ILO_Mn,CrSbQs, the occurrence of a different magnetic structure with
independent Mn?* and Fe3* magnetic sites following the undistinguishable I', and I's Ireps is tested.
The refinement of this new model requires the combination of both bases into a single colrep
constituted by two BV. Mn1 (00z) and Fe2 (00z") magnetic sites are constrained to follow a counter-
clockwise rotation through the BV corresponding to I's Irep and Mn2 (00-z) and Fel (00-z') sites
rotate clockwise through the BV derived from I'>. Under these guides, the nearest neighbour spins
within a common (00z) layer describe rotations towards opposite directions. This behaviour could be
induced by their competing AFM nature and their FM orientation forced at high temperatures. In this
case, the isoelectronic character of both cations allows the restriction of all the spins to the same
value. This simplification reduces the magnetic parameters to one, since the only difference between
both C1 and C2 coefficients is the sign which indicates the AFM coupling of Mn?" and Fe**
sublattices. The optimisation of this model (Figure 3.21) refines to a magnetic moment p = 4.75 (2)
ug, similar to those obtained from the original helical model (umn?* = 4.8 pg and pee®* = 4.7 Us).

These two solutions present not only similar magnetic moments, but also similar reliability factors.
A smaller Rmag (6.32% vs. 7.04%) but larger R, (3.81% vs. 3.65%), Rwp (5.25% Vs. 4.93%) and % (4.1
vs. 3.62) values were obtained from the original model with the simple helix. These results are
therefore similar, and the impossibility to discern clockwise or counter-clockwise rotations through
powder diffraction points to the higher probability of the simpler structure described from the first
refinement, where all the magnetic sites follow the same irreducible representation as they do at
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higher temperatures. The available experimental techniques cannot discern both situations, but further
neutron diffraction experiments should be collected on a single crystal ILO_Mn,FeSbOes.

3 e, o< o

2= [000.07]

4751,
2 -]

| CW CCW

Fe3+

M12+ M12+

Figure 3.21. Alternative model for the low temperature magnetic structure of the ilmenite polymorph
of Mn,FeSbOs with independent magnetic sites for both Mn (purple and red) and Fe (blue and brown)
rotating clockwise (CW) and counter-clockwise (CCW) respectively.
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1.-General introduction

This chapter focuses on the detailed study of the structure — properties relation of Mn,MSbOs oxides
for M = Sc and the comparison with the moderate and the high pressure polymorphs of the M = Cr
and Fe compounds. The increasing cationic radii induced further structural distortions and the
increase of unpaired 3d" electrons yielded more complex magnetic behaviours.

At a first sight, the diamagnetic character of the d° transition metal is expected to simplify the
magnetic behaviour of the obtained polymorphs but the increase in size of the M** cation will keep
enhancing the structural distortions, which may affect the magnetic correlations of the Mn?*
sublattice. Moreover, this detailed structure — properties relation will simplify the discussion of the
results upon further substituting M by the 4f" rare earth metals treated in the next chapter.

The synthesis of Mn,ScSbOs under room pressure conditions was early performed by by Kosse et al.
[1,2] and subsequently detailed by Ivanov et al. [3]. The conventional ceramic method yields the

formation of a disordered (Ré) phase with a random distribution of Mn and Sc at the same
crystallographic site that prevents the development of any long range magnetic order. However, the
cationic arrangement into a RS-ordered DPv or into an ordered corundum derivative can be induced
by its direct synthesis under HPHT conditions. Therefore, the high pressure polymorphs are expected
to develop long range magnetic interactions [4].

The isolation of the ordered polymorphs of Mn,ScShOg required a large number of HPHT syntheses
due to the broad range of phase coexistence between these three different polymorphs: the room

pressure disordered phase (R(_%), the NTO (R3) and the DPv (P2:1/n) modifications. The pressure-
temperature-time phase diagrams are depicted in Figure 4.1, divided into two bidimensional graphs
where pressure is represented in abscises axis and temperature (T, up) and reaction time (t, bottom)
are represented on the y axis.

The experimental conditions are represented in Figure 4.1 as red and black circles for pure DPv and
NTO phases respectively. On the other hand, mixed black and red circles correspond to products
containing both polymorphs in different proportions. Their proportion is identified over or below the
symbol with the % amount of the polymorph in which region is included. The 18 ° - 36 ° angular
region of the most representative XRD patterns showing different proportions of the NTO and DPv
polymorphs is depicted on the right-hand side of Figure 4.1 to show the effect of temperature (top
panel), pressure (upper part of bottom panel) and time (bottom part). A single green square evidences

the known disordered R 3 phase crystallising at room pressure and high temperature conditions.

The vast majority of the high pressure experiments as a resulted in the coexistence of NTO and DPv
polymorphs as a consequence of their similar stabilities. This kind of behaviour is reflected in the
phase diagrams as a dotted line indicating a broad phase boundary between these compounds.
However, a progressively increasing proportion of the DPv polymorph is observed upon increasing
pressure. This tendency is visible in both P-T and P-t diagrams, pointing to a preferred formation of
the corundum derivative under moderate pressure conditions and that of the DPv modification at high
pressures. This behaviour has been previously observed in the ILO and DPv polymorphs of
Mn,FeShOs and Mn,CrSbOs [5,6].
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Figure 4.1. Pressure-Temperature (up) and pressure-time (bottom) phase diagrams for Mn,ScSbQOs.
The yellow region schematises the P, T and t conditions at which the precursor mixture does not react.
At the green zone the disordered phase is formed, while blue and red regions stabilise the NTO and
DPv polymorphs respectively. The purple one stands for unexplored conditions. The numbers above
or below each point indicate the proportion of the NTO or the DPv phase in the blue and red zones

respectively.

However, it is remarkable that all the syntheses tested above 9.5 GPa using a Walker module were
found to apparently revert the observed pressure effect since larger amounts of NTO were found as a
secondary phase. This apparent effect may not be attributed to an increasing pressure but as a result
of slightly different T and t conditions used. It has been experimentally found during calibration test
that temperature is subjected to gradients as high as 50 ° C when the same electric power is applied.

In spite of the stabilising effect that the pressure exerts on DPv phase, high temperatures (1100 °C)
must be applied to isolate it as single phase. This conclusion comes straightforward from the
experiments carried out at 9 — 12 GPa. The increase of pressure was evidenced to favour the DPv
polymorph but pressing over the critical 9 GPa at lower temperatures does not preserve the DPv

polymorph as a single phase. Moreover, the experiments developed at the moderate pressure of 6 GPa
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show an inversion on the NTO:DPv (%) proportion from 75 :25 to 25: 75 upon lowering the synthesis
temperature only 150 °C.

The use of Clausius-Clapeyron relation (equation Eq. 6) and taking into account the experimental
results for the observed NTO : DPv relative proportion under different pressure and temperature
conditions, yield a tentative separation of the regions where each polymorph is stabilised in the P-T
region, as depicted in Figure 4.1-top.

P _i=S) _as
4T~ (V,-V,) AV

In this relation, P and T are the experimental pressure and temperature synthesis conditions and AS
and AV are the change in entropy and volume between pairs of structures. Considering their relative
densities, the molar volumes decreases in the order Vs3> Vnto > Vopy and taking into accoent the
symmetries of these structures, the molar entropies might be expected to decrease in the order Sg-
3>SnTo>Sppy Since higher symmetry tends to imply greater entropy [ref. libro Zircon]. The maximum
entropy should not be interpreted as a maximum disorder, but as a maximum homogeneity of the
atomic distribution. Therefore, for the phase boundary between R-3 and NTO structures one can
expect Sr-3 > Snto and Vrs>Vnro making AS and AV positive, so that dP/dT will be also positive for
this boundary. However, the phase boundary between NTO and DPv has Snto > Spey and Vnto>Viey
making both AS and AV positive and therefore dP/dT positive. However, the experimental phase
diagram between the NTO and the DPv phases shows a negative slope of the phase boundary contrary
to our expectations. According to the results obtained from NPD, the cell-volume of NTO is higher
than that of DPv, so it seems clear that AV is positive. The experimental negative Clapeyron slope of
the NTO-DPv phase boundary, therefore requires that the molar entropy of DPv is greater than that
of NTO (AS < 0) which is counterintuitive given that DPv is the lower-symmetry phase.

It is notable that the metastable DPv polymorph does not transform into NTO at room pressure when
increasing temperature (see section 3.3 concerning thermal stability of DPv_Mn,ScSbOg). This is in
apparent contrast with the observed behaviour of the DPv_Mn,MSbhQOs compounds with M= Cr and
Fe, which transform tino their ILO derivatives. This ambiguity and the negative slope of the NTO-
DPv phase boundary present a significant problem when evaluating the potential P-T relationships
between ABO; systems. However, similar inconsistences have been also observed in ABOs
compounds. For instance, the mineral thorite (zircon type-structure) transforms to huttonite (monacite
type —structure) which has negative Clapeyron slope contrary to that calculated from equation Eq.6
[7,8].

Regarding this anomaly, it is important to study the effect of the reaction time. The experiments
included in the top panel of Figure 4.1 (T-P diagram) have not been performed at the same reaction
times.The notation of experiments developed under the same P-T conditions and different (xn t)
reaction times is labelled on the Figure. In this context, the bottom panel evidences that the DPv
polymorph is formed at reduced time reaction while the NTO phase needs for longer times. This
effect is reflected at the experimental point of 6 GPa/1250 °C where the NTO structure is favoured
but is relatively close to the stability limit (in pressure) of DPv. Therefore, certain amounts of DPv
(~ 25 %) are found as a secondary phase within the main NTO. However, the maintenance of these
conditions during 5 extra minutes decreases the DPv amount down to 10 %. This feature points to the
strong time dependence of the NTO / DPv stability limit, which yields to a difficult control of the
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synthesis conditions required to isolate both polymorphs. It seems that as it happened for Mn,MSbOg
(M = Cr, Fe) compounds, the DPv is the kinetic product and the moderate pressure polymorph is the
thermodynamic preferred phase, that is, it has lower internal energy (U).

It is also worth noting that both the yellow and the purple regions of the phase diagrams depicted in
Figure 4.1 are unexplored regions. The first one is identified as the experimental conditions unable to
induce the reaction of the precursor mixture, which is expected to start at sufficiently high

temperatures and /or reaction times. Under room pressure conditions, the disordered R3 phase is
described in the literature and checked from our experiment to occur at 1100 °C. Although it has not
been studied the stability of the disordered phase at lower temperatures, its synthesis through the
ceramic method is not expected to be optimum below the melting point of Sb,0s (655 °C) [9].

Under high pressure conditions, the temperature needed to induce the reaction is usually lower [10],
but the experiment carried out at 10 GPa and 625 °C, identified in Figure 4.1 with an asterisk, did not
complete the reaction of the precursor mixture into the high pressure polymorphs. For this reason,
such temperature conditions are considered to be close to the boundary that defines the interplay
between the yellow, blue and red regions.

The unexplored purple region showed in the P-t diagram should represent a set of experimental
synthesis conditions which can stabilise higher distortions of the NTO and DPv phases or which could
induce their phase transition into even denser modifications, such as post-perovskite structure.

Therefore, the next sections of this chapter focus on the structural characterisation and functional
behaviour of the isolated NTO and DPv polymorphs of Mn,ScSbOs. The search for further functional
phases and the complete understanding of the phase diagram of these oxides is still in progress and
won’t be treated at the current stage of this study.
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2.-NTO_Mn2ScShOs

2.1 — Synthesis and structural characterisation

The NTO polymorph of Mn,ScShOg was synthesised under HPHT conditions. The precursor mixture
was prepared by grinding the stoichiometric amounts of the binary Mn,Os, Sc,03 and Sbh>O3 oxides
under acetone in an agate mortar. The resulting homogeneous powder was pressed into a platinum
capsule, placed in a Belt-type press at 5.5 GPa and 1523 K during 35 minutes. Once the reaction was
completed, temperature was quenched and pressure was slowly released.

The preliminary structural characterisation of the moderate pressure polymorph of Mn,ScShOs oxide
was performed by XRD.. The Rietveld refinement of these data (see Figure 4.2 top-left) can be fitted
considering the ILO_Mn,CrShOg as a starting model [6]. All the reflections can be indexed with R3
space group and a= 5.4303 A and ¢ = 14.0609 A lattice parameters. The a parameter is larger than
those observed for Mn,MSbOs with M = Cr and Fe, according to the bigger size of Sc** cation (0.745
A [11]), but a shorter ¢ length is observed. Despite the clear differences between the calculated and
the experimental profiles, the reliability factors get acceptable values (Rp = 5.67, Ruwp = 8.51 and x* =
8.85). However, the large form and Bragg factors (R = 16.0 and Re = 20.5) indicate the need for
improving the crystallographic model. In fact, the refined atomic positions did not change
substantially but their thermal factors had to be constrained (see Table 4.1a). The peak shape was
adjusted with a Thompson-Cox-Hastings function but there is a mismatch in the relative intensities
of some peaks between the theoretical and the experimental models. It is worth noting that the similar
atomic XRD scattering factors of Mn (Z = 25) and Sc (Z = 21) do not allow a proper distinction and
consequently the averaged profile observed from XRD could actually arise from structures with
different cationic orders. On the other hand, their different NPD scattering lengths (-3.73 fm and
12.29 fm respectively) [12] are expected to solve this ambiguity.

Therefore, NPD data were collected at D2B at room temperature conditions in order to fully
characterise the crystal structure. As it is clearly shown in Figure 4.2 top-right, the ILO model
obtained by XRD does not fit the NPD reflections. Although there are some Bragg positions that
correspond to a set of experimental maxima, there are large intensity differences between calculated
and experimental reflections. The most surprising feature is the absence of (003) and (101) reflections

in the NPD pattern, which appear for ILO (R§) structures but do not emerge for corundum (R§c)
and LiNbO; — type (LNO, R3c) structures as indicated by the systematic absences induced by the
presence of a glide plane (hOl and Okl where | = 2n + 1).

It is mandatory that the crystal structure of the Mn,ScShOs polymorph satisfies both XRD and NPD
data. On the one hand, the occurrence of (003) and (101) reflections, visible in the XRD pattern,
points to an ILO structure [13], where AOg and BOs octahedra order alternatively along the ¢ axis.
On the other hand, the fitting of the NPD data requires a different cationic arrangement, where the
atoms ordered along [012] direction give rise to an extinction of (003) and (101) reflections. Although
both corundum and LNO structures are well-known to ban these maxima [14]. due to the presence of
a c-glide plane, it is worth to analyse the resulting relative intensities of the XRD and NPD data to
these models. The observed intensities in the NPD data reproduce well using a LNO-type model (see
Figures 4.2-bottom and Table 4.1b) however the XRD pattern does not converge. It has to be pointed
out that the large difference in the coherent neutron scattering lengths of Mn (negative) and Sc/Sb
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(large positive values) layers may obscures the (003) and (101) planes, which may be thought of as
arising from the sequential stacking of Sc (12.29 fm) and Sb (5.57 fm) along the c axis [12].
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Figure 4.2. Rietveld refinements of XRD (left) and NPD (right) data of the moderate pressure
polymorph of Mn,ScShOs fitted to an ILO (top) and a LNO (bottom) structures. The red rectangle
highlights the (003), (101) and (012) Bragg peaks, which relative intensities point to an apparent ILO
order through XRD and to an apparent LNO model from NPD results.

Table 4.1. Structural details resulting from the Rietveld fits of the XRD (a) and NPD (b) data of the
rhombohedral polymorph of Mn,ScShOs to the apparent ILO and LNO-type structures respectively.*

- a=5.3403(3) A R,=5.67%, R.,= 8.51%, Rr=16.0%,
2)XRD, R3 c= 14.0609((1)) A T Ry=20.5% and 1 — 8.85
Atom-site X y z Occ Bov
Mn— 6¢ 0 0 0.1429 (3) 1 1.0
Sc/ Sh— 6¢c 0 0 0.3591 (2) 0.5/05 1.0
O- 18f 0.2391 (8) -0.0635(9)  0.2495 (4) 1 1.0
a=5.3408 (1) A R,=3.21%, R.,= 4.13%, Rr=7.68%,
b)NPD, R3c ¢ = 14.0572 (4) A Rs=8.98% and 72 = 1.66
Atom-site X y z Occ Biso
Mn /B — 6a 0 0 0.2869 (7) | 0.93/0.07(1) | 0.6(2)
B/ Mn-— 6a 0 0 0.0000 (0) | 0.93/0.07 (1) | 0.92(5)
O—18b 0.0365(5)  0.3219(9)  0.0929 (4) 1 0.96 (4)

* The so called B site in the fitting of NPD to the LNO model stands for the disordered Sc®* / Sb°*
cations localised at the (0 0 0) site and found in a 7% at the Mn site as a result of an antisite exchange.
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The solution of this structure thus needs for a different space group which satisfies the described
reflection conditions: it must allow cationic orders into intermittent layers of both {001} and {012}
plane families. In order to satisfy these two conditions, the inversion centre and the glide plane must
be excluded, what finally points to the R3 space group that is adopted by the NisTeOs (NTO)
compound [15]. The combined Rietveld fit of both XRD and NPD data using the R3 model is depicted
in Figure 4.3a. The reliability factors of this refinement, summarised in Table 4.2 along with the
resulting structural features, show the good accordance of the model to the experimental data from
both patterns.
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Figure 4.3. a) Rietveld refinements of XRD (top) and NPD (bottom) data collected at room
temperature, fitted to a NTO-type structure. b) The structural model obtained from the combined
refinement of both diffraction data. The black dashed and the red dashed-dotted lines showing the
apparent ILO and LNO orders respectively. See the main text fir further details.

The optimised model resulting from the refinement is depicted in Figure 4.3b. The NTO structure can
be described as an alternated stacking of Mn2 (purple) /Sb (blue) and Sc (green) / Mnl (orange-
sphered purple) octahedra along the z axis. There is a complete ordering within the (00z) layers
between Mn1/Sc and Mn2/Sh. There, the apparent ILO stacking (detected through XRD) and LNO
one (observed from PND) are schematised with black dashed lines and red dashed-dotted lines
respectively. The first of them is broken by the order of MnOs -SbOs and ScOs -MnQOsg within each
(002) layer.

The final model clarifies the apparent contradiction between the XRD and NPD results. The (00z)
layers alternate between Mn1/Sc and Mn2/Sh composition. For XRD, Sc (Z = 21) and Mn (Z = 25)
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look similar when compared with the consecutive layer of Mn and Sb (Z = 50). Therefore, ILO-type
ordering is apparent and the (003) and (101) reflections are observable. On the other hand, the
difference in neutron scattering lengths for Mn, Sc and Sb (—3.73, 12.29 and 5.57 fm respectively)
breaks the apparent inversion centre, as the (012) planes are alternatively constituted by Mn or by
Sc/Sh, which makes the scattering distribution resemble that of an LN-type.

Table 4.2. Crystallographic parameters, selected bond distances and angles for the NTO polymorph
of Mn,ScShOs from the combined Rietveld refinement of XRD and NPD data collected at 300 K.?

R3 a=5.3419 (5) A c = 14.0603 (2) A
Atom-site X y z Occ BVvVSP
Mnl-3a 1/3 2/3 0.1619 (8) 1 1.89
Mn2 / Sc—3a 2/3 1/3 0.3423(8) | 0.877/0.123 2.01
Sc/Mn2-3a 0 0 0.2224 (8) | 0.877/0.123 2.93
Sb- 3a 1/3 2/3 0.3823 (8) 1 5.18
01-9b 0.641 (1) 0.695 (2)  0.2926 (7) 1 -
02— 9b 0.998 (2) 0.622 (2)  0.4555 (5) 1 o
A-O d (A) B-O d(A)
Mnl - O1 (x3) 2.42 (1) Sc— 01 (x3) 2.04 (1)
Mn1 — 02 (x3) 2.09 (1) Sc— 02 (x3) 2.18 (1)
Mn2 — O1 (x3) 2.12 (1) Sb — 01 (x3) 2.02 (1)
Mn2 — 02 (x3) 2.31 (1) Sb — 02 (x3) 1.98 (1)
A(Mn10s) 5.5%10°3 A(ScOs) 1.1*10*
A(Mn20g) 1.7*10°3 A(SbOs) 1.1*10*
<Mnl-01-Mn2>=121.0 (4) <Mnl-02—-Mn2>=118.4 (3)

a) Fitting residuals: R,= 3.04%, R.,= 3.86%, Rz= 6.18% and Rr= 5.04%,.” V; = Z;Siji= exp(ro
—rij/0.37). Values calculated using rij= 1.79 for Mn?*, 1.849 for Sc** and 1.942 for Sb®*

The structural parameters obtained from the Rietveld refinements are summarised in Table 4.2. The
cations locate at 3a Wyckoff site and oxygen sites at 9b positions. As depicted in Figure 4.3b, the so-
called Mn1 position (orange sphered purple octahedra) faces Sb (blue) along the ¢ axis and Mn2
(purple) faces Sc (green). A 12.3% of site-selective antisite exchange has been found between Mn2
and Sc, but none between Mn1 and Sb.

As observed in corundum derivatives, cations are displaced from the centre of the octahedra.. These
displacements, identified in Figure 4.3b as dw, have been determined from the product of the ¢ axis
by the difference between the ideal and the experimental z coordinates of each atom, as it is often
calculated for corundum derivatives [16]. The resulting values for Mn sites are exceptionally large:
dmn1 = 0.576A and dwnz = 0.914A. Both are much larger than the usual averaged displacements of
Mn?* cations in the related Mn,MSbOg ILO polymorphs (0.360 A and 0.403 A for M = Cr and Fe,
respectively) [6]. Their independent shifts for the related Mn,FeMOs NTO phases (0.486 A and
0.506A for M = Mo and 0.449 A and 0.544 A for M = W) [17][18] are of the same order for dwns, but
dwvn2 attains the longest cationic displacement ever reported for the puckering of a corundum
derivative [4]. Smaller non-quantifiable site-selective antisite exchanges between Mn2 and Fe sites
are reported in the literature for Mn,FeWOg NTO polymorph [18], while the lower Mn displacements
in Mn,FeMoOg are stabilised by a 7 % of Fe-Mo site exchange [17].
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On the other hand, the displacements found for Sc (0.155A) and Sb (0.098A) are similar to those of
Cr/Sb (0.115 A) and Fe/Sb (0.216 A) in the ILO related phases detailed in Chapter I11. The disorder
of the B-site cations in the ILO structures prevents the determination of the independent
displacements of B and B' atoms, but the different atomic coordinates at the 3a site found in the NTO
structure permits the distinction of the farther displacement of the larger Sc®* cation faced to the most
distorted Mn2 site and the smaller displacement of Sh®" according to its smaller repulsion against
Mn1 site. The same trend of shorter displacements for the B-site cation faced to the larger displaced
Mnz2 site is observed in other related NTO compounds.

These cation shifts defining the puckering of (00z) layers is directly related to the octahedral
distortions, which are expected to further distort upon longer dv. The experimental octahedral
distortions included in Table 4.2 have been determined from equation Eqg. 3:

n T2
A:lz(d‘d dj Eq.3,

where djand d stand for the independent and averaged M-O distances respectively. Considering the
discussed A(MnOg) = 1.1 103 and 2.1 10 values of the related ILO polymorphs of Mn,MSbhOg (M =
Cr and Fe respectively) as a reference [6], both A(Mn10g) and A(Mn20g) (5.5 10° and 1.7 103
respectively, see Table 4.2) follow the same trend. The similar octahedral distortions values found
for A(ScOs) and A(SbOg) point to a similar stability of Sc® and Sb®* cations in their independent sites.
Their lower octahedral distortions compared to those of Mn sites are in good agreement with their
shorter displacements into the puckered layers.

Concerning the M — O bond distances, all of the experimental values included in Table 4.2 are in
accordance with the expected ones (d(M-O)w.), which are calculated as the sum of the anionic radius
and the ionic radii of the metals in the adequate oxidation state into a six-fold coordination
environment [11]. On the one hand, d(Sc-O)exp. = 2.11 A differs from the expected one (d(Sc-O)n =
rsc* (0.745 A) + ro? (1.40 A) = 2.145 A). The theoretical - experimental difference of 0.025A can be
explained from the antisite exchange with Mn?*, which stabilises both the Sc and Mn2 sites: their
cation displacements are minimised, thus favouring a higher coordination regularity and shorter M-
O bond distances.

On the other hand, Sb - O averaged experimental bond distance through both oxygen sites is rather
similar to the expected value, determined as d(M-O)exp. = rsv®* (0.60 A) + ro? = 2.00 A. In a similar

manner, the experimental averaged d(Mn-O)ey. = d(Mn1-0),, Zd(MnZ'O)eXP- = 2.235 Ais close to

the expected one: d(Mn-O)wm. = rwn>* (0.83 A) + ro> = 2.23 A. However, it is worth noting that Mn1-
O distance is elongated while Mn2-O bond length is shortened. As in the case of Sc, this difference
can be attributed to the Mn2-Sc site-selective antisite disorder.

Moreover, the occurrence of an increasing antisite exchange was already discussed in chapter 11
through the Mn,MSbOs series upon substituting M for transition metals of progressively increasing
sizes. This size evolution implied a slight difference, of 0.03A, between the two studied ILO
polymorphs (M = Cr and Fe), but the larger difference between re®* (0.645 A) and rs®* (0.745 A)
induces the exponential site exchange of Mn and Sc from a hypothetical ILO-type structure. In fact,
the NTO polymorph is related to an ordered-ILO structure, where the B/B' (00z) layer is constituted
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by ordered cations with B-B'-o- sequence. The phase transition between both structures has been
reported for Mn2FeMoQOs to occur through a cationic redistribution [19]. Therefore, the discussed
12.3% of antisite disorder in the NTO-type structure of Mn,ScShOs [4] can in fact be thought of as
the remaining 12.3% of Sc in its ideal site of the related ordered ilmenite polymorph. This cationic
redistribution stabilises the steric repulsions induced by the large volume of Sc** cation, which
translates into the higher distortion of Mn10Os polyhedra (longer Mn-O bonds and higher A values),
since Mnl1 site is not stabilised via site exchange.

The oxidation states, determined from the bond distances through Bond Valence Sum calculations
[20], resulted in the expected values for all the cation sites according to the nominal composition
Mn?*,Sc3*Sh°>* Oe.

The ordered decoration of the corundum lattice affords two candidate structures in the case of the
Mn2MShOs oxides: ILO vs. NTO polymorphs. Density functional theory (DFT) calculations show
that structures with only heteronuclear dimmers are more stable than structures with homonuclear
pairs sharing faces [21].Therefore, Mn/Mn, Sb/Sb or M/M pairs should be avoided in all polymorphs
when sharing faces. In light of this observation and provided the constant charge mismatches among
the A%*, B® and B®* cations, the driving force inducing the different cationic arrangements may be
their size difference. As detailed in Chapter I, the highest chemical difference between the three
different pairs of cations in Mn,MSbQs oxides (Mn/Sh, Mn/M and M/Sb) is that of Mn?*/Sh°® which
size difference into octahedral environments (V'rwn®* = 0.83 A and V'rs,> = 0.60 A [11]) is 0.23 A.
Therefore, Mn?* and Sb°* always locate at face sharing octahedra. At this point, depending on the
relative ionic radii of M*and Sb*" (see Table 4.3), the compound will show different ordering
preferences.

Table 4.3. lonic radii in six-fold coordination of the different M3* cations used in the Mn,MSbOs
compounds studied along the manuscript to crystallise with rhombohedral symmetry for the moderate
pressure polymorph. Their size mismatches with Mn?* (0.83 A) and Sb** (0.60A) cations are also
indicated along with the favoured structure.

— 3*_Qpot -
M3* | rD(A) | A =Ar (M3**-Mn%) (A) B = Ar SXI\) sb™) | A-B(A) Structure
Cr 0.615 0.215 0.015 0.20 ILO
Fe 0.645 0.185 0.045 0.14 ILO-antisite
Sc 0.745 0.085 0.145 -0.06 NTO-antisite

The structural model determined from XRD and NPD experiments has been confirmed by
transmission electron microscopy studies. Figure 4.4a shows a representative HRTEM micrograph of

the NTO-type polymorph of Mn,ScSbOsg through [2110] zone axis. It shows an ordered structure free
from any defects with periodicities of 5.3 A and 14.1 A that can be assigned to the b and ¢ cell
parameters respectively. The (0003) and (Oﬂl) planes are identified in the FFT included as an inset

on the upper-left corner. The model obtained from the Rietveld refinements and the simulated image
using a defocus of -250 A and a thickness of 43 A, are also superimposed, showing a good fit with
the experimental image.
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However, the complete microstructural determination of this compound required the development of
electron microscopy and microdiffraction studies. Figures 4.4b — d show SAED patterns which

indicate the diffraction conditions hikl: -h+k+1=3n, hkiO: -h+k=3n, 000I: 1=3n, hh0O: h=3n and

hhOl , h+I=3n. Under these conditions, the only possible space groups are R3 and R3. The lack of
periodicity between the zero and the first order Laue zones (ZOLZ and FOLZ respectively) along the
[2110] zone axis depicted in Figures 4.4e and 4.4f points to the absence of a c-glide plane, in

agreement with XRD. The comparison of the whole patterns of [2110] and [OJi’L] (Figure 4.49g) zone

axes shows the absence of a two-fold axis that unequivocally distinguishes between R3 and R3 space
groups, what confirms the absence of an inversion centre.

EELS analysis performed on several crystallites yields a + 2oxidation state for Mn. Figure 4.4h shows
a representative EELS spectra where Mn-L,; edge can be observed. The inset represents the La/L
ratio obtained from EELS spectra collected for standard binary Mn oxides. It will allow the
determination of the correspondence between La/L, ratio with oxidation state of Mn. The blue cross
points the experimental relation in the NTO polymorph of Mn,ScSbOs, which corresponds to a 100%
of Mn?* in agreement with the BVS calculations, derived from the Rietveld refinements.
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Figure 4.4. Q) HRTEM image through the [2110] zone axis. Insets show the FFT, the simulated image
and the structural model fitting the experimental micrograph. b-d) SAED patterns for the NTO
polymorph of Mn,ScSbOs along[0001] (b), [2110](c) and [O]iO] (d) zone axes. e-g)

Microdiffraction patterns along [2110] (e and f) and [O]iO] (g). h) EELS spectrum obtained for the

L-edge of Mn inthe NTO_Mn,ScShOs. The inset shows the standard Ls/L; ratio for binary Mn oxides
and the experimental value for this sample (blue cross).

108



IV.-Results and discussion: Mn,ScSbOg 2.-NTO_Mn,ScSbhOg

2.2 - Magnetic behaviour

The magnetic behaviour of the NTO polymorph of Mn,ScSbOs was studied in terms of susceptibility
and magnetisation measurements. The temperature dependence of the direct and reciprocal magnetic
susceptibility data are depicted in Figure 4.5a, where an abrupt change of slope is observed below Ty
~ 42 K. The FC and ZFC plots do not diverge and the negative value of the Weiss constant (6 =-138
K), determined from the fit of the reciprocal susceptibility to a CW law in the temperature range 125
K - 300 K, points to the existence of AFM correlations. The magnetic moment determined from the
CW fit amounts to 6.08ugs / Mn?* which is in good agreement with the expected spin only contribution
for Mn?* (5.92 pg). However, the magnetisation curve as a function of the magnetic field, depicted in
Figure 4.5b, shows a S-shape feature below Ty (42 K), that indicates the existence of a net FM
component with a remanent magnetisation of 0.62 pg at 2 K and a very small coercive field.
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Figure 4.5. Magnetic behaviour of the Mn,ScSbhOg NTO polymorph in terms of a) thermal dependence
of the susceptibility and b) field dependent magnetisation measurements at 2 K.

The presence of a single type of paramagnetic cation (d® Mn?*) ordered in similar proportions into
two different crystallographic sites points to two possible models which could originate the AFM
behaviour: the antiparallel coupling of two FM sublattices or the AFM nature of both sublattices.
However, as discussed along chapter 11, the presence of a small FM component may originate from
complex magnetic structures arising as a consequence of competing magnetic correlations. Therefore,
in order to determine the magnetic structure of this compound, NPD data were collected at 4 K at
D2B under high resolution.
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Table 4.4.2) Real (BasR) and imaginary (Basl) components of the BV of the allowed Ireps for the
magnetic structure of the NTO polymorph of Mn,ScShOs with propagation vector k =[0 0 0]. b) The
allowed Ireps with pure real components for the same magnetic structure.

a) Symm Irep I'a I'2a I'aa
X, V. Z
Bas R 001 1.5 0 O 1.5 0 O
Bas | 000 -0.8660 -1.7321 0 | 0.8660 1.7321 0
b) Symm Irep I I'2p I'sp
X,V Z
Bas R 001 110 0.577 -0.577 O
Bas | 000 000 000

I'1 describes the spin orientation along the z axis, while I'2: and I'3, Stand for the confinement of the
spins along the x axis. Since the main magnetic peaks observed in the low temperature NPD pattern
are those arising from (003) and (101) planes, I'1a can be directly ruled out: magnetic scattering
contributions are operative in an orthogonal direction. As discussed in the previous chapter for the
related Mn,MSbOg ILO polymorphs I'2a and I's, are undistinguishable from powder diffraction, as
their BV only differ in their imaginary components. Note that the equivalency of a and b cell
parameters implies the equivalency of both magnetic structures confining the spins either along x or
y directions. Therefore, each of these structures would fit the (003) reflection by giving only half of
the intensity to the (101) peak. Therefore the most possible solution is that combining both Ireps into
one with spins bisecting the angle between x and y directions.

In order to simplify this approach, Sarah analysis software [22] has been used. The linear combination
of the described I'za and I's, implies a tough process involving the imaginary components. These
relations are automatically read from Sarah analysis results, which translates the imaginary
components into real contributions by considering the relation between I'2a and I's, through complex
conjugation, using equations Eq. 7 and Eq. 8:

I, +T," =2BasR(I',) Eq.7; —il}, +(~il, ) =2Basl(I’,) Eq.8

where I'; are the original I'zaand I'sa (=T22) Ireps and ', and Iy, are the recombined Ireps summarised
in Table 4.4b as ', and I's,. Note that the resulting I'2, and T'sp Ireps already show a combined
contribution aligned towards the [110] (I'» ) and the [110] (T's) directions with no imaginary
components. The use of any of these Ireps should allow the fit of the experimental data, as it has been
checked from the fit shown in Figure 4.6a using the combined Irep T'a,. Both Mn sites were
constrained to order with the same magnetic moments towards opposite directions, what results in
the magnetic structure depicted in Figure 4.6b. The magnetic moments, oriented along the bisecting
direction of the basal xy plane, amount to 4.62(3) us / Mn?*. This value is in good agreement with the
expected ordered magnetic moment (5us) of the d® Mn?* cations (S = 5/2).
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Figure 4.6. a) Rietveld refinement of the NPD data collected at 4 K at D2B for the NTO_Mn,ScShOs.
Two exclusion regions are used to neglect the presence of the signal from the vanadium can used as
a sample holder. b) Magnetic structure determined from

The FM component observed from the magnetisation measurements can be explained in terms of the
described magnetic structure with uncompensated magnetic moments arising from the site-selective
antisite disorder: 12.3% * 4.62 ug = 0.57 ug at 4 K, which is close to the experimental FM component
of 0.62 ug observed at 2 K. The expected maximal value for the completely ordered Mn?* cations (5
us) would induce a net FM contribution of 0.62 pg under this antisite proportion, what justifies the
presence of this uncommon mechanism of inducing a net FM component.

It is worth noting that the occurrence of antisymmetric Dzyaloshinskii-Moriya exchange interactions
was also considered as a possible origin of the FM contribution, but it is not allowed through this
Irep, since it only permits the described spin direction. The independence of each magnetic site could
induce a small canting of the spins through their different interactions within a sublattice and between
them. However, the identical chemical and magnetic nature of both magnetic sites is only broken by
the discussed antisite disorder. The slight canting arising from this effect would not be detectable
from neutron diffraction. Moreover, the theoretical deviating angle between two consecutive AFM d®
spins needed to induce a net FM component of 0.62 pg is 10.8 °, which is rather high for a canting
angle. This hypothetical model needs for breaking the relation between Mn1 and Mn2 sites what is
not possible under the determined propagation vector,. Therefore, the described AFM structure is
accepted to induce the FM component simply from the site-selective antisite disorder.

Once the low temperature magnetic structure is determined, its thermal dependence has been studied
in terms of the thermal evolution of the diffraction patterns. Figure 4.7a (top and bottom) shows the
thermodiffractogram composed of a complete set of patterns measured every 1 K at D1B
diffractometer. The intensity of the magnetic peaks increase upon cooling below Ty ~ 42 K. This
value is consistent with the temperature transition deduced from susceptibility measurements and
confirmed with the temperature evolution of the magnetic moment as depicted in Figure 4.7b. The
described magnetic structure determined from high resolution NPD data collected at 4 K at D2B was
used as a starting model for the refinement of the high intensity NPD data collected at 3 K at D1B.
The resulting model was sequentially used for refining subsequent NPD data collected at
progressively increasing temperatures. The gradual intensity difference is thus assigned to the slow
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spin orientation while cooling below the transition temperature. The so — obtained thermal evolution
of the magnetic moments is fitted to the critical law described by equation Eq. 9:

T B
u(T)= u(O)*{l——} Eq. 9,

Te
where p (T) and p (0) are the magnetic moments at a generic temperature T and a hypothetical ideal
value at 0 K; Tc is the critical temperature and B is a constant related to the magnetic lattice type. The
data were fitted to this law in the Tc/2 < T < T¢ temperature range (21 K - 41 K), resulting in Néel
temperature Ty = 42.0 K, in good agreement with the expected value from susceptibility data and the
qualitative previous study of the thermal evolution of NPD data. B is optimised for 0.37, which is
consistent with a 3D AFM Heisenberg behaviour, for which = 0.36 is predicted.
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Figure 4.7 a) Thermal dependence of the NPD profiles of the NTO polymorph of Mn,ScSbOs in two
(up) and three (bottom) dimensions, showing the progressive increase of the magnetic peaks upon
cooling. The main magnetic peaks (003) and (101) are labelled. b) Fit of the thermal dependence of
the magnetic moment refined from the set of patterns collected at D1B.
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2.3 - Electric behaviour

It is also significant that the polar symmetry of the NTO structure (R3) allows the existence of a net
polarisation from the uncompensated cationic displacements along the z axis, as described from the
nuclear structure. Herein the estimation of the expected polarisation is detailed, since the
perpendicular nature of these two (magnetic and electric) ferroic components turn this material into
a potential multiferroic.

In general terms, the net polarisation (P) can be calculated from equation Eq. 10 according to the
cationic displacements determined from the nuclear structure [23]:

e -
Pa, =\72qi r Eq. 10

In this equation e stands for the electron charge (1.62-10*° C), V is the unit cell volume (347.467 (5)

A3), qiis the electronic charge of each (i) atom and F: is their displacement along the c axis (expressed

in A). It is worth noting that the described rhombohedral unit cell is only one third of the complete
hexagonal structure. Therefore, the triple amount of each cation will contribute to the net polarisation
of the bulk material, i.e. Pux. = 3 Prn.

The resulting polarisation is 28.3 pC/cm? This value is calculated from the solely cationic
contributions, fixing the O2 position to its ideal 0.5 z coordinate. By that, the ideal position along the
c axis for each (00z) layer can be determined as the middle distance between the reference O2 and
the refined O1 position. This approximation, commonly used in the literature [18] still allows an
accurate determination of the cationic displacements and, furthermore, permits to neglect the anionic
contribution in the P estimation, thus simplifying the calculation.

The result is rather low compared to other corundum related compounds, such as the isostructural
(NTO) Mn,FeWOs (59.5 uC/cm?) [18] and Mn,FeMoOs (68 uC/cm?) [17] compounds, the ordered-
ILO polymorph of Mn,FeMoQs (55 uC/cm?) [19] or the LNO-structural type LiNbO3 (67 pC/cm?)
[24].

Despite the apparently low spontaneous polarisation predicted for the NTO polymorph of
Mn,ScSbOs, this result is very interesting in combination with the presence of a weak FM behaviour.
The net FM component observed in Mn,ScSbhOg arising from the site-selective antisite disorder is
confined into the xy plane. Both magnetic and electric components are therefore orthogonal
magnitudes. This feature turns this material into a potential multiferroic, as highlighted in reference

[4].

Attempts to measure the experimental polarisation dependence on the electric field (P(E)) were
performed in terms of the voltage variation induced between the NTO_Mn,ScSbOs pellet and a
reference capacitor. An optimised homemade Sawyer-Tower circuit [25-27] was built with that
purpose, but the obtained hysteresis loops cannot be properly assigned to a ferroelectric behaviour
probably due to the P(E) measurements were performed in a polycrystalline sample [28].
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3.-DPv_Mn,ScShOs

3.1 — Synthesis and structural characterisation

The DPv polymorph of Mn,ScSbOs was synthesised under extreme pressure and temperature
conditions [4]. The precursor, prepared by grinding the stoichiometric amounts of Mn,O3, Sc,0s and
Sh,0; oxides, was treated at 12 GPa and 1473 K for 20 minutes in a Walker-type multianvil apparatus.
The sample was quenched by rapid cooling and the pressure was progressively released down to
ambient conditions. The related NTO phase was found to coexist in variable proportions in all sets of
experiments. Therefore, the combined Rietveld refinement of XRD and NPD patterns collected at
room temperature (Figure 4.8a) include the NTO polymorph as secondary phase. The high pressure
polymorph, with DPv structure (Figure 4.8b), crystallises in the P2:/n space group with cell
parameters a = 5.2909 (3) A, b =5.4698 (3) A, ¢ = 7.7349 (5) A and B = 90.165 (6) °. The structural
features, including bond distances and angles, are summarised in Table 4.5. The rock-salt order of B
and B' cations includes a 9.1 % of antisite disorder among Sc (B) and Mn (A) sites. This proportion
agrees with the increasing antisite disorder observed among the studied Mn,MShQs series upon
increasing the ionic radii of M. The described unit cell also increases according to the larger size of
Sc3* (rY' = 0.745 A) compared to those of Cr3* (0.615 A) and Fe3* (0.645 A) [11].

Concerning bond lengths, M-O distances are found to be longer for M = Sc than M = Cr and Fe,
according to the discussed evolution of the ionic radii. On the other hand, Sb-O distances and
octahedral distortions are similar to those observed for the Cr and Fe containing compounds. The
sixfold coordinated Mn site shows Mn-O bonds slightly larger than expected (2.23 A), which results
as a consequence of the irregularity induced by the larger antisite proportion.
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Figure 4.8. a) Rietveld refinements of Mn,ScSbOg DPv polymorph from XRD (up) and NPD (bottom)
data; the NTO polymorph is included as secondary phase. b) Structural model determined from a). a
ac* out-of-phase and in-phase tilts along [110] and [001] directions can be observed in the left and
right projections respectively..
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Table 4.5. Crystallographic parameters, selected bond distances and angles for the DPv polymorph
of Mn;ScShOs from the Rietveld refinement of NPD data collected at D2B at 300 K.?

P2:/n a=52909(3)A b=54698 (3) A, c=7.7349 (5) A, p=90.17 (1) °
Atom-site X y z Occ BVS
Mn / Sc— 4e -0.009 (3) 0.038 (2) 0.749 (4) 0.909(4) 0.091(4) 1.7
Sc/ Mn—2d 0.5 0 0 0'409(4))/0'091(4 2.9
Sb - 2c 0 0.5 0 0.5 5.3
O1-4e 0.313 (2) 0.321 (2) 0.940 (1) 1 L
0O, —4e 0.327 (2) 0.307 (2) 0.570 (1) 1 .
Oz —4e 0.878 (1) 0.427 (1) 0.760 (2) 1 o
A-O d (A) B-O d (A
Mn - Oy 2.68 (3) Sc - 01 (x2) 2.07 (1)
Mn - O; 2.77 (3) Sc - Oz (x2) 2.10 (1)
Mn - O, 2.69 (3) Sc - O3 (x2) 2.15 (1)
Mn - Oz 2.12 (3) dav.(Sc - O) 2.11 (2)
Mn - Oz 2.21 (1) Sb - O (x2) 1.982 (9)
Mn - O3 2.05 (2) Sb - Oz (x2) 1.99 (1)
Sb - O3 (x2) 2.00 (1)
dav.(Mn - O) 2.42 (3) dav.(Sb - O) 1.99 (2)
A(ScOg) = 2.9%10* A(SbOg) = 1.6*10°
< Mn-O;-Mn > < Mn-O,-Mn > < Mn-O3-Mn >
76.5 (3); 149.6 (4) 82.1 (2); 105.5 (4) 82.8 (4); 122.8 (5)

% Fitting residuals: R,= 2.00 %, R.,= 2.51 %, Rg= 6.04 % and Rr= 4.36%,. °V; = %;Sjji= exp(ro —
rii/0.37). Values calculated using rij= 1.79 for Mn?*, 1.849 for Sc**and 1.942 for Sh®".

According to the general distortion trend, this compound shows ¢ ~ 19.5 ° and 6 ~ 21.5 ° tilt angles,
determined from the half difference of the experimental < B - O - B' > angles and the ideal 180 °.
These values are similar to those observed for the DPv_Mn,CrShOs and Mn,FeSbQs, and the same
aac” tilt system operates, as observed in Figure 4.8b.

The oxidation states determined from BVS calculations are near the expected values for the nominal
composition Mn?*,Sc**Sh**O¢ and confirmed by the EELS experiments performed on several
crystals. The Mn-L, 3 edge allows to perform the interpolation of the experimental Ls/L, ratio and
then compare it to the calibration plot obtained from standard binary Mn oxides. This approach yields
100% of Mn?* for the DPv polymorph of Mn,ScShOs, as depicted in Figure 4.9a.

The structural and microstructural characterization of Mn,ScSbOs DPv polymorph were also
performed by SAED and HREM techniques. Figure 4.9b shows the HRTEM image along the [010]
zone axis, where a (~ 5.2 A) and ¢ (~ 7.7 A) cell parameters are identified through (100) and (001)
directions. No extended defects are appreciated and both the simulated image, calculated with a
defocus of -350 A and a thickness of t = 30 A, and the structural model obtained from the refinement
of NPD data, show a good fit to the experimental micrograph.
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Figure 4.9. a) EELS spectrum for the L-edge of Mn in the DPv_Mn,ScSbOs and experimental La/L
ratio (blue cross) interpolated into the standard values for binary Mn oxides (inset). b) HRTEM image
along [010] zone axis; FFT, simulated image and the structural model included as insets.

3.2 - Magnetic behaviour

The magnetic behaviour of the DPv polymorph of Mn,ScSbOs was studied by means of the
temperature dependence of the magnetic susceptibility and field dependent magnetisation
measurements, depicted in Figures 4.10a and 4.10b respectively. There exists a single magnetic
transition, appreciated at T ~ 42 K, which correlates with the Néel temperature of the NTO
modification: the presence of the secondary NTO phase masks the AFM transition of the DPv
polymorph below Ty = 22.3 K, accurately determined from NPD data. The fit of the reciprocal
susceptibility to a Curie - Weiss behaviour required an additional Temperature Independent
Paramagnetism (TIP) contribution. This additional contribution converged to 0.00567 emu*molOe
and the resulting negative Weiss constant, 6 = -94 K, points to the AFM behaviour of the DPv
polymorph. The effective magnetic moment arising from this fit is plexp. = 5.5 ts / Mn?*, slightly lower
than the expected value (Mieor. = 5.9 ps / Mn?*) for S = 5/2.

The discussed AFM behaviour is confirmed in Figure 4.10b from magnetisation plots obtained above
and below the transition. There is a linear increase of M with increasing H with the presence of a
small FM contribution, which may arise from the NTO polymorph. A magnification of the low field
region, is included in the inset of Figure 4.10b to clearly show the small curvature observed in the
curves measured at 2 K and 20 K (black and red lines, respectively). A linear behaviour is observed
for the M vs. H data measured at 40 K (blue line) since this temperature is near the T ~ 42 K of NTO.

The AFM interactions occur via Mn-O-Mn superexchange interactions through oxygen. The AFM
character of these interactions, favoured by the long direct Mn-Mn distances (3.74 (2) A; 3.9 (1) A),
is in good agreement with the expected behaviour for d°-d® interactions at 90 ° (see Table 4.5) [29].

It is reasonable that the low net component of the NTO modification cannot be detected in such a low
proportion. Moreover, the 9.1% of Sc entering the Mn site in a disordered configuration in the DPv
polymorph, turns some Mn (A) - O - Mn (A) effective interactions into the non-magnetic Mn (A) - O
- Sc ones. The formation of additional Mn (A) - O - Mn (B) pathways as a consequence of the A-B
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antisite exchange cannot originate long range interactions. Therefore, only a dilution effect is
observed, justifying the low value of the experimental magnetic moment.
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Figure 4.10. Magnetic behaviour of the Mn,ScSbhOs DPv polymorph in terms of a) thermal
dependence of the susceptibility, measured under an applied magnetic field H = 3 kOe, and b) field
dependent magnetisation measurements. The inset shows an enlargement of the low field region,
where a small FM contribution from the NTO phase is observed.

The magnetic structure of the DPv_Mn,ScShOg was determined from the Rietveld refinement of the
high intensity NPD data collected at 3 K at D1B and depicted in Figure 4.11a. All the magnetic peaks
corresponding to the DPv phase can be indexed with the propagation vector k= [0 0 0]. The symmetry
analysis with Baslreps yields four possible Ireps of three BV each, summarised in Table 4.6. Since
the imaginary contributions are 0 in all cases, only the real components are included in Table 4.6.

The presence of a single magnetic site involves four symmetry related spins into the unit cell. Since
the magnetic unit cell must coincide with the nuclear one, the Ireps I'> and I's can only satisfy the
propagation vector if the spins were confined to the xy plane. The main magnetic peaks assigned to
the DPv polymorph, as further detailed below from the thermal evolution of NPD data, are indexed
(010) and (100). This means that a spin component orthogonal to both x and y directions is present.
Therefore, I'; and T4 Ireps are directly discarded.

For analogous reasons, I's is also neglected, as its z component is FM, and it would only allow the
AFM order along the y axis. Therefore, I'1, which allows the AFM alignment of spins into the xz
plane, was selected to refine the low temperature NPD data.

The resulting magnetic structure, depicted in Figure 4.11b, can be described as an AFM arrangement
of the Mn?* spins confined to the xz plane. The ordered magnetic moment converged to 4.54 (1) Us,
where the components along the x and z axes amount to 1.58 (1) ug and 4.26 (1) Us respectively, thus
deviating the Mn?* spins 20.34 (1) © far from the z axis. The resulting magnetic moment is rather low
for the expected ordered value of Mn?* (S = 5/2) cation, in accordance with the discussed magnetic

dilution effect arising from the Sc/Mn antisite disorder: 5z, —(9.1%* 54, ) = 4.554; -
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Table 4.6. Real components of the BV of the allowed Ireps for the magnetic structure of the DPv
polymorph of Mn,ScShOg oxide with a propagation vector k =[0 0 0].

Irep It I'2 I's I's
Symm
XYz 100 010 001 100 010 001 100 010 o001 100 010 001
-X+1/2, y+1/2, -z+1/2 -100 010 00-1 -100 010 00-1 100 0-10 001 100 0-10 001
-X, =Y, -Z 100 010 001 -100 0-10 00-1 100 010 001 -100 0-10 00-1
x+1/2, -y+1/2, z+1/2 -100 010 00-1 100 0-10 001 100 0-10 001 -100 010 00-1
-
= |
o
% ﬁ
;-w\mhﬁ*wwfql,i,n-.-h»wwf.w.,-ﬂ\y,.,w‘ﬂ‘,m«\MW**WW-AMMMW'\W-uwr\www‘»,w»w«“ww-w
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Figure 4.11. a) Rietveld refinement of the NPD data collected at 3 K at D1B for the DPv polymorph
of Mn,ScSbOs. The two first rows of Bragg positions stand for the nuclear and magnetic structures
of the DPv phase and the 3 and 4" rows indicate the nuclear and magnetic structures of the NTO
secondary phase. b) Magnetic structure of the DPv modification obtained from a).

The thermal evolution of the described magnetic structure has been studied from the evolution of the
NPD data collected every 1 K at D1B upon heating from 3 K up to 30 K. The 2D thermodiffraction
pattern, depicted in Figure 4.12a for the 20° - 50 © angular region, shows the nuclear peaks of both
DPv and NTO polymorphs and the magnetic ones of the NTO phase present above 30K. The most
intense peaks appearing at 260 ~ 40 ° are the nuclear (002)ppy + (012)n1o and the (110)opy. By cooling
the sample below 42 K, the two main magnetic peaks of the NTO polymorph, (003)nto and (101)nro,
appeared. These are the lighter peaks appearing between 20 = 28 © - 35 ©, already observed at the top
temperature of 30 K. By further cooling the sample, the magnetic (010)opv and (100)ppy peaks appear
below Tn ~ 23 K of the DPv polymorph.

The low temperature magnetic structure refined from the 3 K NPD data was used as a starting model
for the refinement of the sequential thermal patterns. Figure 4.12b shows the fit of the resulting
thermal evolution of the magnetic moments of the DPv_Mn,ScSbOs to the same critical law used
(Eq. 9) for the NTO polymorph. The results point to a Ty = 22.3 K and 3 = 0.37, in agreement to the
3D Heisenberg AFM behaviour.
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Figure 4.12. a) 2D thermal evolution of the NPD patterns collected at D1B for the DPv polymorph of
Mn,ScShOs below 30 K, focused in the 20 © - 50 © angular region. The main magnetic peaks of both
the DPv and the secondary NTO modifications are labelled. b) Fit of the thermal evolution of the
magnetic moments of Mn?* to the critical law (see text for a detailed explanation).

3.3 - Thermal stability

The thermal stability of the DPv_Mn,ScSbOg was studied through thermal XRD. The compounds
containing d" transition metals were found to present a structural phase transition from the DPv
structure to the ILO polymorph, which was the stable structure when synthesised under moderate
pressure conditions. On the other hand, the synthesis of Mn,ScSbOs under similar moderate pressure
conditions induces the stabilisation of the NTO structure. The extreme cationic rearrangement needed
to originate the NTO — type order from the DPv structure prevents the observation of such a structural
transition. Otherwise, heat treatments have recently been found to induce large cationic
rearrangements between different ordered corundum derivatives [19]. It is also notable that theoretical
estimations [30], predict a DPv to LNO transition and the impossibility of a DPv to ILO
transformation, which has indeed been demonstrated to occur [6]. It is worthwhile to highlight that
the chemical equivalency of Mnl and Mn2 crystallographic sites in the NTO polymorph of
Mn,ScShOg in fact turns this material into an ordered LNO structure, for which the situation should
be closer to that of the DPv to LNO transition. Therefore, it should be expected that the DPv to NTO
phase transition was observed upon heating the high pressure polymorph under room pressure
conditions.

However, the proposed phase transition is not observed from the experimental thermal XRD patterns,
depicted in Figure 4.13. The absence of this transformation is explained in terms of the relative
stability of both polymorphs. The metastable character of the DPv polymorph induces its
decomposition into a mixture of variable proportion of cationic oxides at 773 K. However, it should
be not forgotten that the NTO modification is featured by a high degree of distortion, translated into
large displacements of the cations from their ideal sites in the centre of their octahedra. This large
distortion cannot be stabilised with the only aid of the room pressure annealing, but apparently high
pressures are also needed under the adequate temperature conditions.
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Figure 4.13. Thermal evolution of the XRD patterns of the DPv polymorph of Mn;ScSbOs oxide.
Above 773 K the DPv decomposes into ScSbOs, MnSb>04, Mn304, MO, etc. XRD patterns were

collected every 50 K. The patterns collected at 873 K - 1073 K are not shown since they are similar
to the 823 K pattern.
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1.-General introduction

This chapter focuses on the study of the MnMSbOs system where M is substituted by a rare earth
(R). The larger size of R respect to those of transition metals [1] and the presence of 4f" electrons is
expected to induce substantial differences regarding both the structures and the magnetic properties
of these compounds, in comparison with those studied in the previous chapters.

As it was performed in the synthesis of previous Mn.MShQg compounds, the room pressure synthesis
of these oxides was tested as a first approach. It was detailed in chapters 11l and 1V that this test
resulted either in the formation of a known disordered phase (M = Sc) or in the formation of non-
desirable mixed oxides (M = Cr, Fe) when a transition metal is used. Otherwise, the large size of the
R3* cations stabilised a novel pyrochlore derivative with an unexpected stoichiometry:
(Mng.esR1.34)(MnogsSb1.34)O7. The fundamental interest on the chemistry ruling the stoichiometric and
structural details of this eventual finding motivated the further study of these compounds, which
includes the optimisation of their synthesis conditions, their structural characterisation and the
determination of their magnetic behaviour. This study is reported in the next section of this chapter.

However, the main aim of introducing rare earths in this system is the preparation of new high
pressure polymorphs stabilising the smaller Mn?* cation into highly coordinated sites, such as the A
site of a perovskite structure. Therefore, the third section of this chapter is devoted to the high pressure
modifications of Mn,MSbOs where M is a rare earth, which will be referred to as MNnRMnShOs in
the following, since the large R®" cations exchange sites with one of the smaller Mn?* thus turning the
general A2B,0s stoichiometry into AA'BB'Oe.

On the contrary to the observed metastability of Mn,MSbQs oxides, where two different polymorphs
can be stabilised under HPHT synthesis conditions, only the perovskite high pressure phase was found
for a given MNRMnSbOs compound. Two perovskites with different symmetries are obtained under
similar pressure and temperature conditions for the different members of the MNRMnSbOg series.
Both polymorphs show rock-salt order of Mn and Sb into the B sites, while the large R3* and the
smaller Mn?* cations are stabilised in the A site. It is detailed during the corresponding section how
single crystal diffraction confirmed that the large size mismatch between Mn?* and R®* cations for
the first members of the MNnRMnSbOg family originates an additional simultaneous 1:1 order at the
A sites. The reasons for the occurrence of this new type of combined A- and B-site orders into a so-
called double double perovskite (DDPv) are also discussed. Moreover, the progressive distortion
upon decreasing the size of R and the causes for the instability of this phase for the smaller R®* cations
are also detailed.

The magnetic properties of these compounds are studied and NPD experiments on the new structural
type modification allowed the determination of their different magnetic structures and their thermal
evolution.
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2.-Room pressure: (Mno.ssR1.34)(Mno.ssSb1.34)O7 pyrochlores

2.1 - Synthesis and structural characterisation

Early attempts to synthesise MNRMnSbOs oxides through the conventional ceramic method starting
from the homogeneous mixture of the Mn,Os, Sb,O3 and R,0; binary oxides with Mn:R:Sb 2:1:1

stoichiometry yields a compound crystallising with pyrochlore structure (S.G. Fd3m) as majority
phase. The structural determination of this polymorph through the combination of different
techniques (XRD, NPD, TGA and HRTEM and associated techniques), further detailed below,
pointed to the real stoichiometric relation of the cations into these compounds as
(Mng.e6R1.34)(MNo.6Sh1.34) O7.

The mentioned 2:1:1 relation is therefore not stabilised but a 1:1:1 one is formed instead.
Consequently, half of the Mn in the precursor mixture is not introduced into the structure and nearly
imperceptible amounts of Mn,0Os; and Mn3O4 secondary phases, not even visible in the XRD patterns
(see that of the Nd containing sample in Figure 5.1 as a representative example), were detected from
NPD below their magnetic transition temperatures. The pure and nearly pure phases show, as
observed in Figure 5.1, slightly different intensities, which prevented the fitting of the 2:1:1
stoichiometry through the Rietveld method.

The finding of the real stoichiometry of these compounds allowed the optimisation of their synthesis
as pure (MnogsR1.34)(MnoesSb134)O7 phases, which involved the thermal treatment of the 1:1:1
stoichiometric mixture of Mn20s, R,O3 and Sh,O3 under 1523 K during 48h in a conventional furnace.
Previous decarbonation of the rare earth oxides was developed in all cases under 1173 K, except for
R = Pr: the low stability of Pr,Os, which tends to oxidise to PrsO11, requires 1323 K under a Na/H>
(5%) flow. The precursor mixtures were ground under acetone in an agate mortar and pelletized
before subsequent treatments.

Impure (MnNd)(MnSh)O,
/:? +
\‘P'/ *
B\ WMWWWW&WWWWW * +
'S |Pure (MnNd)(MnSb)O,
=
10 20 30 0 50 60 70

20 (degrees)
Figure 5.1. Compared XRD patterns of two (MngssNd1.34)(MnoesSb1.34)O7 pyrochlore phases: the one
at the top is impurified with almost imperceptible amounts of Mn,Os (*) and MnzO4 (+); the bottom
panel shows the pure compound.
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The structural characterisation of all these compounds was carried out through the Rietveld
refinement of XRD (R = Sm, Eu, Gd and Y, see Figure 5.2) and NPD (Figure 5.3) patterns collected
at room temperature, using the cubic A2B,O- pyrochlore structure as a starting model. The R*" and
Mn?2* cations are located at the large A sites, while the octahedral voids are occupied by Mn®*" and
Sb°* cations. The cationic oxidation states were confirmed by EELS measurements for
(Mng.e6R1.34)(MnogsSb1.34)O7 with R = Pr, Nd, Dy and Yb. Although these studies will be further
detailed in the next pages, it is worth noting that Mn presents a mixed valence 2+ / 3+ state. Due to
the smaller cationic radius of Mn® (0.645 A) compared to that of Mn?* (0.83A) [1], it shows
preference for the octahedral sites. Therefore, the discussed (MnoesR1.34)(MngssSbhi.34)O7 cationic
proportion does not only fit the intensities of the XRD and NPD patterns, but it is also in good
agreement with the results obtained from the electron microscopy studies.

The crystallographic details and reliability factors are summarised in Tables 5.1 and 5.2 respectively
and the main interatomic distances and angles are shown in Table 5.3. In all of them, the results
included for (MngesR1.34)(MnoesSb1.34)O7 (R = Sm, Eu, Gd and Y) compounds are those of the
refinements of their XRD data, since Sm, Eu and Gd are well known to absorb large amounts of
neutron radiation [2], what prevented an easy collection of any NPD data, and Y was not measured
for experimental scheduling reasons. Consequently, the accurate position of O1 (48f) site and the
occupancies of each cation in 16¢ and 16d sites are not refined for these four compounds, but the
values obtained for their nearest compositional neighbours are fixed. Only their cell parameters are
thus fitted from their XRD profiles, what yields higher reliability factors.
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Figure 5.2. Rietveld refinements of the XRD data of (MnosR1.34)(Mno.esSb134)O7 R = Sm - Gd, Y.
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Figure 5.3. Rietveld refinements of the room temperature NPD data collected at D2B for
(Mng.6R1.34)(MnogsSb1.34)O7. R = Pr— Yb. The Figure continues on the next page for R = Lu.
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2.-Room pressure
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Figure 5.3. Rietveld refinements of the room temperature NPD data collected at D2B for
(Mno.66R1.34)(Mnge6Sb1.34)O7. R = Lu.

Table 5.1. Crystallographic details for the pyrochlore structure of the (Mng.esR1.34)(Mno.g6Sb1.34)O7

oxides from the Rietveld refinements of XRD and NPD data collected at room temperature.

Fd-3m (Mng.66R1.34) (MnNo.66Sb1.34) O7
Atom-site X y z Occ
Mn1/R— 16d 0.5 0.5 0.5
Mn2/Sb- 16c¢ 0 0 0
01 - 48f X 0.125 0.125 0.25
02-8b 0.375 0.375 0.375 0.04167
R r (A) a (A) x (01) Occ 16d Occ 16¢
Pr 1.126 | 10.3512 (3) 0.3268 (1) 0.029/0.055 0.028/0.055
Nd 1.109 | 10.3285 (1) 0.3263 (1) 0.027/0.057 0.027/0.056
Sm 1.079 | 10.2790 (2) 0.326 (0) 0.027/0.057 0.027/0.056
Eu 1.066 | 10.2620 (1) 0.326 (0) 0.027/0.057 0.027/0.056
Gd 1.053 | 10.2542 (2) 0.326 (0) 0.027/0.057 0.027/0.056
Tb 1.04 10.2195 (1) 0.3288 (1) 0.022/0.048 0.035/0.062
Dy 1.027 | 10.2059 (1) 0.3292 (1) 0.027/0.056 0.029/0.054
Y 1.019 | 10.1896 (4) 0.329 (0) 0.027/0.057 0.028/0.056
Ho 1.015 | 10.1897 (3) 0.3297 (1) 0.027/0.057 0.028/0.056
Er 1.004 | 10.1745 (3) 0.3300 (1) 0.028/0.055 0.028/0.055
Tm | 0.994 | 10.1585(5) 0.3300 (1)  0.033/0.050 0.025/0.058
Yb 0.985 | 10.1435 (5) 0.3310 (1) 0.027/0.056  0.029/0.055
Lu 0.977 | 10.1329 (4) 0.3313 (1) 0.029/0.054  0.028/0.056

% The details summarised for R = Sm, Eu, Gd and Y compounds result from the fit of XRD data.
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2.-Room pressure

Table 5.2. Reliability factors of the Rietveld refinements of (MnogsR1.34)(Mno.6Sb1.34)O7 from room

temperature NPD and XRD data.

R Rp /pr (%) RB /Rf (%) X2
Pr 2.99/3.86 2.54/1.75 2.98
Nd 3.69/4.71 2.89/2.11 1.75
Sm 2.70/3.94 6.14/5.89 2.43
Eu 2.32/3.27 5.95/4.18 1.60
Gd 2.67/4.45 6.84/7.33 3.63
Tb 2.94/3.95 5.56/4.60 4.72
Dy 2.66/3.38 3.10/2.15 1.79
Y 6.58/11.4 8.06/5.72 11.0
Ho 2.39/3.14 1.40/1.28 2.41
Er 2.56/3.38 2.21/1.55 3.59
Tm 3.86/5.56 5.91/4.66 10.0
Yb 2.92/3.99 1.64/1.42 5.32
Lu 3.45/4.64 1.93/1.45 5.77

Table 5.3. Main interatomic distances ® and angles ® in the pyrochlore structure of the
(Mng.esR1.34)(MnogsSbi.34)O7 oxides from the Rietveld refinements of NPD data collected at room

temperature.
R | da-oyn. (A) d(a-0) (A) di-o) (A) <B-01-B> (°) <B-0O1-A>(°) <R-O1l-A> (9
Pr | 2471  2.487(1) 1.991(1) | 133.6(1) 106.06 (7) 90.8 (1)
Nd | 2459  2.479(1) 1.989(1) | 133.3(1) 106.13 (3) 91.0 (1)
Sm 2.439
Eu 2.431
Gd 2.422
Tb | 2413  2439(1) 1978(1) | 1320() 106.45 (3) 91.8 (1)
Dy | 2405  2433(1) 1.976(1) | 131.7(1) 106.52 (6) 91.2 (1)
Y 2.399
Ho | 2397  2428(1) 1.976(1) | 1315(1) 106.57 (1) 92.1 (1)
Er | 2389  2422(1) 1.974(1) | 131.3(1) 106.61 (1) 92.2 (1)
Tm| 2383  2418(1) 1.971(1) | 131.3(1) 106.61 (1) 92.3 (1)
Yb | 2377  2410(1) 1.972(1) | 130.7 (1) 106.73 (5) 92.6 (1)
Lu | 2371  2406(1) 1.972(1) | 130.6 (1) 106.76 (4) 92.7 (1)

3 The theoretical values for interatomic distances are determined from the sum of the averaged ionic
radii of A / B site cations and oxygen anion: raa. = (2/3 rg*") + (1/3 rmn?*); reav. = (2/3 rsp°*) + (1/3
rvn’t) = 0.615 A. The variable value of da-oyn= raav. + ro? upon changing R is included in the Table;

d(g-0yth = reav. + ro® = 2.015 A,

b <R-02-R> = 109.5 (0), defines a regular O2A, tetrahedron.
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The cell contraction of the pyrochlore structure (Figure 5.4a) can be appreciated through the
lanthanide series. According to this contraction, O1 tends to displace towards higher values of its x
coordinate, i.e. inner positions in the unit cell. Since O1 site describes the corner of the BOs octahedra
(see the building blocks at the bottom of Figure 5.4b) and B site cations are located into a fixed
position, this displacement is the responsible for the slight shortening of the experimental B-O bond
distances (see Table 5.3), though the ionic radii of neither B nor O vary in this series. Otherwise, the
A-O distances are expected to shorten with the decreasing cell volume, as the averaged ionic radii of
the A site does change upon substituting the R®* cations.

Although the M-O distances vary according to the lanthanide contraction, they diverge from their
theoretical values. In the case of dg.o), the experimental bond lengths summarised in Table 5.3 are
shorter than the expected 2.015 A value (see Table caption for details). This means that the six B-O1
bonds are effective, what translates into apparent high oxidation states for Sb®" and Mn®* from BVS
calculations. On the other hand, the experimental A-O bond distances d(-o) are slightly longer than
their expected values (da-oyn.) from the sum of the averaged A and O ionic radii. The experimental
bond distances are averaged from six long A-O1 and two short A-O2 bonds, as dictated by the
symmetry of this structure. Therefore, the A site is considered eightfold coordinated and the longer
experimental distance means that the effective coordination number of A is lower than 8. However,
the equivalency of the six long A-O1 bonds prevents lowering the coordination in the BVS
calculation, what translates into apparent low oxidation states for R** and Mn?* cations.

a) 10.35¢

10.30F
< 10.25'
(4]

10.20¢ ﬁ |

Lu! |
10.15' TmEr s O )
100 1.04 108 1.12
r (A) B(O1), 02A,

Figure 5.4. a) Evolution of the cell parameters obtained for the (MngesR134)(MnogsSb134)O7
pyrochlores from the Rietveld refinement of XRD and NPD data collected at room temperature. b)
Structural model obtained from the refinements. The octahedral B(O1)s and tetrahedral (O2)A4
building blocks are shown at the bottom.
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The oxidation states of Mn in these compounds were studied through EELS spectroscopy. The
relative intensities of Lo/Ls lines of Mn show a mixed valence +2 / +3 state. Figure 5.5a shows a
representative profile of the discussed measurements for R = Nd. The proportion of both states is
confirmed through the linear interpolation into the calibration curve depicted in Figure 5.5b. The
experimental values, identified in Figure 5.5b with a red, blue, green and grey cross for R = Pr, Nd,
Dy and Yb compounds, reveal averaged oxidation states for Mn of 2.7 (1), 2.51 (9), 2.60 (6) and 2.3
(1), respectively. Therefore, microscopy studies confirm that the Mn?:Mn3" relation in these
(Mno.66R1.34) (Mo g6Sb1.34)O7 pyrochlores is 1:1 or very close to this proportion.

4.5 Pr
a) b) ] {Mno Nd
L 4.04
—~
= ]
s 4 3.5
2| 30l
2 s ] ;
g =55 M“sOA"'\‘MnZOS
2.04 MnO,
y . 1-'-\- T T T T T T T T :
620 640 660 680 2.0 2.5 3.0 35 4.0
Energy Loss (eV) Oxidation State

Figure 5.5. a) EELS spectrum obtained for the L-edge of Mn in the (Mng.gsNd1.34)(MnogsSb1.34)O7
pyrochlore as a representative example. b) Calibration curve for the Ls/L. ratio of Mn from standard
binary Mn oxides. The experimental values obtained for the R = Pr, Nd, Dy and Yb samples are
interpolated, identified with a red, blue, green and grey cross respectively.

2.2 - Magnetic behaviour

The magnetic behaviour of pyrochlore oxides is usually governed by the geometrical frustration, a
term applied to the situation in which a large fraction of magnetic sites is subject of competing
constraints. In the pyrochlore structure, the magnetic A-site cations describe a tetrahedral lattice,
where the <A - O - A>=109.45 ° angles favour AFM superexchange interactions but the tetrahedral
arrangement of four equivalent spins prevents all of them to satisfy these AFM interactions. As a
consequence, the described favoured AFM tetrahedral lattice originates frustrated systems.

These lattices often release their strain by stabilising a number of energetically equivalent spin
orderings such as the so-called all in, all out or 2 in / 2 out configurations, where all the spins point
towards /away the centre of the tetrahedron (as schematised in Figures 5.6a and 5.6b respectively) or
they stabilise by acquiring equilibrated in/out pairs of spins (as schematised in Figure 5.6c).
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a) b)

Figure 5.6. Frustrated AFM interactions in a tetrahedral lattice with all in (a), all out (b) and 2in/2
out (c) spin configurations.

The coexistence of these frustrated interactions in a pyrochlore structure with different paramagnetic
cations into both A and B sites predicts a complex magnetic behaviour for
(MnoesR1.34)(Mng6sSb1.34)O7. On the one hand, the frustrated A sublattice contains disordered d® Mn?*
(1/3) and f" R3* (2/3) cations and, on the other hand, the B sublattice combines 1/3 of the d* Mn**
cations disordered with 2/3 of the diamagnetic Sb** cations. Note that the cationic disorder among
Mn?3* and Sb** into the B sites, favoured by their similar ionic radii (0.645 A and 0.60 A respectively
[1]), induces a magnetic dilution effect on the B sites.

The DC magnetic susceptibility measurements of these compounds, depicted in Figure 5.7, show a
Curie-Weiss behaviour for a wide temperature range. Table 5.4 shows the results of the CW fittings
in the paramagnetic (~ 100 K — 300 K) region, along with the expected (lu.) and the resulting effective
(Metr) magnetic moments. In general terms, the low values of the Weiss temperatures evidence the
low magnetic correlation of these compounds. These weak correlations develop at low temperatures,
summarised in Table 5.4 as Tr for freezing temperature. It is worth noting that most of the
experimental magnetic moments determined from these fits are in good agreement with their expected
values, revealing their ideal paramagnetic behaviour for the indicated wide temperature range. Note
that the R = Sm and Eu containing compounds are not fitted to the CW law since they typically show
a Van-Vleck type temperature dependent paramagnetism due to their close energy levels (AE <kgT).
Therefore, their experimental magnetic moments have been calculated at room temperature.

The magnetic susceptibility curves of (MngesR134)(MnogsSb134)O7 with R = Nd, Tm and Lu
compounds show a small magnetic transition at ~ 43 K, where FC and ZFC curves slightly diverge.
Regarding the results detailed in the synthesis and structural characterisation subsection, this anomaly
is assigned to a small amount of the ferrimagnetic Mn3sO, impurity (Tc = 43 K [3]), even though any
magnetic peaks are observed in the NPD data collected at low temperatures (further detailed below).

However, the main magnetic feature of these compounds is their net maximum at Ty, enlarged in the
insets of Figure 5.7. These maxima evidence a spin glass-like behaviour for
(Mng.esR1.34)(MnogsSb1.34)O7, according to their described tetrahedral frustrated magnetic sublattice

[4].

The large susceptibility values reached in some of these pyrochlores (R = Gd, Tb, Dy, Ho and Er)
point to the development of larger cluster-glass regions than those observed for the analogous oxides
with other rare earths. Since the higher magnetisations are raised for the compounds containing rare
earths of larger spin contributions, these results point to the glassy state favouring the parallel
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alignment of the spins at low temperatures, which is confirmed from the field dependent
magnetisation measurements later in this section.

Table 5.4. Freezing temperatures (Tr), Weiss constants (8) and effective (Jer) and expected (pin)
magnetic moments of (MngesR1.34)(MnoesSb1.34)O7 pyrochlores.

R Tt (K) 0 (K) Mefr. (MB) | M. (MB)
Nd <2 -29.8 7.54 7.56
Sm @ 4.4 L 6.32 6.32
Eu 35 L 7.41 7.44
Gd 2.0 -1.3 11.07 11.07
Th 5.0 -8.5 12.82 12.9
Dy 4.8 -10.5 13.77 13.8
Y 3.5 -23.4 6.23 6.24
Ho 3.6 -5.8 13.67 13.8
Er <2 -12.3 12.86 12.7
Tm 2.0 -31.5 10.93 10.8
Yb 2.0 -36.9 8.06 8.13
Lu 3.3 -25.7 6.23 6.24

2) Due to their typical Van-Vleck paramagnetic behavior, the effective magnetic moments of the R =
Sm and Eu containing samples have been calculated at room temperature.
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Figure 5.7. Direct (left axis) and reciprocal (right axis) magnetic susceptibility of
(Mng.esR1.34)(Mno g6Sb1.34)O7 pyrochlores with R = Nd-Gd. R = Th-Lu continue in the next page. Their
Curie-Weiss fits are depicted as a solid line over the x* vs. T plot.
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Figure 5.7. (Continuation) Direct (left axis) and reciprocal (right axis) magnetic susceptibility of
(Mng.6R1.34)(MnogsSb1.34)O7 pyrochlores for R = Th-Lu, ordered for decreasing R ionic radius. Their

Curie-Weiss fits are depicted as a solid line over the x* vs. T plot.
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It is also worth noting that the freezing temperatures summarised in Table 5.4 correspond to the
maximum susceptibility values of the curves measured at 0.1 T. Such a high magnetic field cancels
out the weak magnetic correlations of the spin glass state, for which not all the samples show a net
maximum in susceptibility. Therefore, some of the T values indicated in Table 5.4 are indicated as
below 2 K and cannot be determined under such a strong magnetic field, as evidenced in the
enlargements of Figure 5.7 for R = Nd and Er containing compounds.

In order to further characterise the spin glass behaviour of these compounds a preliminary study
including the evolution of Tr as a function of the magnetic field has been performed for R = Gd and
Dy derivatives. As expected, this evolution, depicted in Figure 5.8, shows the increase of T for
decreasing magnetic fields, which has been found to properly fit the Almeida-Thouless equation (Eq
11) [5], depicted in the insets of Figure 5.8:

H=(1-T/Ts) 32 Eq. 11

A similar behaviour is expected for the other (MnoesR1.34)(MnogsSb1.34)O7 pyrochlores. The use of
lower magnetic fields permits the system to develop its weak correlations, thus increasing Tr.
However, a further study of the spin glass-like behaviour of these systems must be confirmed by AC
susceptibility measurements in future studies.
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Figure 5.8. Evolution of the freezing temperature of the spin glass (MnoesR1.34)(MnoesSbi34)O7
pyrochlores with R = Gd and Dy as a function of the applied magnetic field. The insets show the fits
to the Almeida-Thouless (AT) equation.
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According to the geometrical frustration, NPD data collected at low temperatures at the high intensity
D1B instrument do not show any diffraction peaks arising from long range order. Otherwise, the
difference patterns obtained by subtracting the 50 K data from those collected at 1.5 K only show
undulations in the background signal (see Figure 5.9), revealing the occurrence of short range
ordering. The coexistence of three different paramagnetic atoms (R**, Mn?* and Mn®") among the
different crystallographic sites of these compounds allows a number of different possible magnetic
interactions, i.e. A-O-A, A-0O-Band B - O - B, which can originate the observed short range
correlations.
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Figure 5.9. 1.5 K - 50 K NPD patterns for (MnoesR1.34)(MnogsSb134)O7 R = Pr, Th, Ho and Er
pyrochlores as representative examples of their short range order. The inset shows the Rietveld fit of
the D1B NPD data collected at 50 K for the R = Er sample. This refinement was performed using the
same structural model obtained from the fit of the room temperature NPD data collected at D2B.

The field dependence of the magnetisation curves of these compounds (Figure 5.10-left ) reveals the
development of large FM components at sufficiently low temperatures. Their high saturation
magnetisations, reaching ~ 9 — 10 pg for R = Gd, Dy, Ho and Er, make these materials promising
candidates as magnetocalorics [6]. Therefore, their magnetocaloric effect (MCE) has been studied
from magnetisation measurements [7]. Multiple isothermal magnetisation curves have been measured
at a PPMS-Quantum Design system up to H = 9 T. The magnetic entropy change (ASwm) has been
determined from the numerical integration of equation Eq. 12 [8,9]. The resulting magnetic entropy
values, depicted in Figure 5.10-right, range from ~ (-12) J /kg K in the case of the Dy containing
compound to ~ (-20) J /kg K observed in the Gd-one.

M (T, H)

88, (T) o = IH”j[ =

j dH Eq. 12
H

136



V.-Results and discussion: MNRMnSbhQOg

2.-Room pressure

-, —e—9T —&—4T :‘?:0-71'
10.0+ 20 'G g,/ :::gl — fl g:?}
7.5} 916 Y 7:%7” —>005T
- ol
250! =
2 2»— 8t
25 '~:° > ! 4t
90 0 0" —0— 40K —9—10K—9— 45K—9— 3K
69,30 —9-30K o 7K —0— 4K 2.5K]
0.0 | TeU20K 0 SK 935K K oL
0.00 225 450 6.75 9.00
H ()
— 2T  —%-07T
8t D /Q/a//° —®—15T < 05T
P i
6r M — T WT
/;’:13 i 0/ /° o/ \\
Sapds o 7
S \F S
|
2 'F' /o/ /:/"
/0/03;/ —0— 40K —9— 10K —0— 45K—9— 3K
B LEmcops ,
0.00 225 450 6.75 9.00 0 10 20 30
H (T) T (K)
HO i — 2T 7$78.;$
— o . —8—15T 0.
e g N
75 ° ° o o y ~~__ —0—01T
o f e
/\m i o/O ° /o *. \\
& 4 /W )/0 / e 0/ \' ™
= z:/a / /“/° .
2 ~‘;’ °/o/ :/
54 e —emak e Ko 45K o
c'(/%jo/ 030K o 7K —9— 4K 25K
0 9° —0-20K o 5K -9~ 35K x : : .
0.00 2.25 4.50 6.75 9.00 0 10 20 30
H (T) T(K)
10
R 12 i /' :::QT :0:4T :‘?:OJT
oL ET e Er,/;,/‘s. BRI
- g —a-15T 7070.2T
e L W/\\ =
o .
°/° / g 6r /‘ \.\A\o
°// :/ ;)'/_ ‘\ \\\\\\
/ /o/ <|1 3 - \- A
| Ao 4 g 0\\.
5&“,43/ —0—40K—9—10K —9— 45K —o—3K i’iﬁi}es\& —
gsg:e/ —0—30K o 7K —9—4K 25K ob *\»@
0 | TOT2K ° 5K 035K K e .
0.00 225 450 6.75 9.00 0 10 20 30
H (T) T (K)

Figure 5.10. Field dependent magnetisation of (MnoesR1.34)(MnossSb1.34)O7 pyrochlores with R = Gd,
Dy, Ho and Er (left) measured at multiple temperatures. Magnetic entropy change (ASwm.) calculated
from magnetisation measurements for selected AH values (right).
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More precisely, these compounds show high entropy changes up to ~ 20.7 J/kgK (R = Gd), ~ 11.3
JkgK (R = Dy), ~ 11.7 J/kgK (R = Ho) and ~ 12.5 J/kgK (R = Er) for AH = 9T. These values are not
comparable to those reached by typical long range ordered FM materials with giant magnetocaloric
effect, such as Gd containing alloys, which can reach up to ~ 36 J/kgK for AH = 5T (GdsSi>Ge>) [10].
However, they can be considered rather high when compared to other oxides provided their magnetic
frustration and dilution effects. In this context it is notable that the maximal magnetic entropy change
(ASmax) of (MnogsGdi.34)(MnoesSb134)O7 under a AH = 5T is only slightly lower than the reported
value for the giant magnetocaloric zircon modification of GdCrO, ( 17.6 J/kgK vs. 18.8 J/kgK
respectively) [11].

In order to determine the refrigerant capacity associated to these entropy changes, the relative cooling
power (RCP) has been calculated from equation Eq. 13, where T,-T; stands for the temperature range
Where AS = 1/2 ASmax.

RCP = jTT AS,,dT Eq. 13

This temperature range, often considered as the useful regime of the material for magnetic
refrigeration applications, is not easily determined for these curves due to their asymmetry. The Gd
containing pyrochlore shows the most rounded plot, which half maximum value of entropy change
(AS1p) is achieved at T, = 27.5 K and T; < 2 K. The computerised integration assumes the
approximation of the temperature limits to data points in the curves, so in this case the selected values
are T, =30 K and T1 = 2 K. The selection of the temperature range for the different AH curves under
this approximation evolves towards the shortening of the temperature window: for AH = 5 T this
window results in 20 K — 2 K but it closes to 10 K — 4 K for the smallest AH. The higher symmetry
of the AS curves of this sample yields a relatively accurate determination of RCP values for the whole
H margin, where only two points deviate from the general trend (see Figure 5.11-left). On the other
hand, the same approach results in more irregular RCP values for the other compounds due to their
less symmetric AS curves. All of them show maximal capacities between ~ 250 J/kg and ~ 550 J/kg,
near the expected values for their use in magnetic refrigeration, which oscillate from ~ 100 J/kg to ~
600 J/kg for the related RCrO4 oxides [12].

Figure 5.11-right shows the Arrott plots, usually used to determine the accurate ordering temperature
[13] and the order of the magnetic transition according to the Banerjee criterion [14,15]. The positive
slope for all the curves both above and below the low temperature transition indicates their second
order in all cases. As second ordered magnetic materials, the glassy magnetic materials have caused
a wide interest for showing MCE over a much wider temperature range. Although the temperature
range determined for these (Mno.esR1.34)(Mno.ssSb1.34)O7 pyrochlores is relatively small, they present
high electrical resistivity and high thermal stability, as detailed in the next subsection, what make
these materials useful for low temperature applications such as He or H liquation.

The discussed magnetocaloric properties of these pyrochlores, depicted in Figure 5.11, can be
enhanced by i) substituting Sb by a paramagnetic cation, ii) optimising the chemical composition at
the A sites and iii) inducing amorphisation:
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i) The substitution of the diamagnetic Sb®" by a paramagnetic cation at the B sites. The
introduction of another d" metal compatible in size and charge with the Mn** of the rest of the B site,
e.g. Ru® or Mo, is expected to remove the B-site magnetic dilution thus facilitating the development
of long range order magnetic interactions and consequently increasing the application temperature
regime. Moreover, the introduction of additional paramagnetic transition metals is expected to
enhance the polarisation of the rare earth through 3d-4f exchange interactions, thus optimising its
influence on the MCE, as recently observed in the RMO, system [16].

i) The partial substitution of a given R (let’s say R1) by a different one (R2). This technique
of combining different rare earths into a single phase is commonly used among the RCrO, as a
chemical strategy for achieving broader temperature ranges of applicability [17]. For instance, the
combination of Gd** and Tb®* in this pyrochlore matrix may be expected to slightly sacrifice the
magnitude of the ASmax in the advantage of widening the temperature window for AS1/.

iii) The introduction of structural disordering or amorphisation by applying high pressures
can also be expected to broaden the temperature range of applicability of the MCE for these
(Mng.esR1.34)(MnogsSb1.34)O7 pyrochlores, since higher entropy variations are intrinsically associated
to the nature of the amorphous state.

2.3 - Thermal stability

As advanced, the structural stability of these pyrochlore phases has been studied under diverse
conditions, including thermal treatments, high pressures and reducing atmospheres. Among them,
only the heat treatment under reducing conditions yielded their decomposition into binary oxides. In
fact, the application of a N2/H; (5%) flow could not induce the decompaosition process up to T = 1273
K, which is not completed until T > 1473 K as demonstrates the thermogravimetric analysis of Figure
5.12a.

The use of more extreme reducing agents, such as NHs, induces an earlier degradation of these
compounds, but they are still found to persist at T = 1073 K as pointed in Figure 5.12b-top for the R
= Pr oxide. It is interesting to note that the R = Eu compound stabilises the pyrochlore structure as
the main phase under the same environmental conditions. This treatment seems to induce the
reduction of Eu®* cations to Eu?* resulting in the increase of the pyrochlore cell parameter from a =
10.26 A up to a = 10.33 A (see middle and bottom panels in Figure 5.12b).This reduction from
(Mn%6sEU%*134) (MN3*066Sh%"134)O7  stoichiometry could be achieved through three different
mechanisms: i) the ammonolysis of the sample leading to a (Mn%*ogEU13s-
«EUZ*)(Mn®*,66Sb°"1 34) O7.«<Nx pyrochlore; ii) removing O from the O2 sites originating an oxygen
deficient pyrochlore with (Mn?*oesEU31 34-4EU?*x)(MN®066Sb%134)O7-x2 Stoichiometry; or iii) the
compensated oxidation of Mn2* in the rest of the A sites, giving rise to a (Mn?*gexMn*xEU3*1 34
«EUZ)(Mn3*66Sb°*134)O7 final composition. All of them would imply a change in the cell
parameters, but the last one can be excluded as the presence of the mixed valence state of both A-site
cations would be coupled to their divergence in size, probably inducing some additional order which
is not observed through XRD. In order to distinguish between options i) and ii) further structural and
functional studies are needed. The introduction of N* into the structure should imply an additional
enlargement of the cell parameter (rv* = 1.46 A vs. ro? = 1.38 A) respect to that of the single reduction
process proposed in ii), where the elimination of anions could induce a slight cell contraction partially
compensating its expansion due to the larger ionic radii of Eu** (1.25 A vs. 1.07 A of Eu®*) [1].
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V.-Results and discussion: MNRMnShOg 2.-Room pressure

Heating these oxides under ambient pressure and in the absence of any gas flow do not induce any
structural distortion at least up to the most extreme accessible temperature conditions in a
conventional furnace (T > 1773 K), as shown in Figure 5.12c. This temperature is close to that needed
for the isolation of (MngesR1.34)(MnoesSb1.34)O7 pyrochlore pure phases.

Applying high pressure conditions up to 12GPa and ~ 1700 K (exemplified in Figure 5.12d for the R
= Er compound) does not induce any structural phase transition into a DPv polymorph, which could
have been expected from the traditional transformations of pyrochlores under high pressures [18].
However, the absence of any oxygen deficiency in these oxides and the unconventional stoichiometry
into both A and B sites does not stabilise a DPv structure. In this context it should be noted that,
consequently, the direct synthesis of high pressure DPv polymorphs of the initially sought Mn,RSbOs
stoichiometry was developed. The successful preparation and concomitant structural and functional
study of these perovskites is carefully detailed in the next section of this chapter.

o
>

Weight (%)

S S
nN B

(B/M) Mol TesH
Intensity (a.u.)

70 A
0.0

400 800 1200 20 40
T(OC) 20 (degrees)

)
~

o
~

Intensity (a.u.)

Intensity (a.u.)

20 40 l 60 ~ 7 20 — 40 60
20 (degrees) 260 (degrees)

Figure 5.12. a) TGA profile for (MnoesNd1 34)(Mno.ssSh1.34)O7 pyrochlore heated under a Ho/N2(5%)
flow. The inset in a) shows the XRD pattern of the resultant residue, which evidences the
decomposition of the pyroclore into R2Os; + MnO (note that Sb is a volatile metal). b) XRD patterns
of the (MnoesR1.34)(Mno.6sSb1.34)O7 R = Pr (upper panel) and Eu (middle panel) pyrochlores heated at
T = 1073 K under a NH3 flow. The bottom panel shows the original pure Eu containing compound
before the amonolysis process. ¢) XRD pattern of a (MnoesR1.34)(Mno.ssSb1.34)O7 pyrochlore heated at
1773 K in a conventional furnace. d) XRD pattern of (MngssEr1.34)(MnoesSb1.34)O7 pressed under 12
GPa and ~ 1700 K in a multianvil Walker module.
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V.-Results and discussion: MNRMnShOs 3.-High pressure

3.-High pressure: MNRMnSbOs double perovskites

3.1 - Synthesis and structural characterisation

The room pressure synthesis of MNnRMnSbhOg oxides through the conventional ceramic method
yielded the pyrochlore derivatives detailed in the previous section. As it has been pointed out,
applying high pressure (up to 12 GPa) and high temperature (up to 1700 K) to these phases did not
result in any further phase transformation to a perovskite structure. Otherwise, the perovskite
polymorphs of MNRMnSbOs need to be prepared through direct synthesis under HPHT conditions.

Applying similar pressures to those used in the syntheses of the related Mn.MSbhOs M = Fe, Cr and
Sc compounds ( < 9 GPa), the experiments lead to the formation of an incipient perovskite - related
structure in the presence of large amounts of pyrochlore derivative. In general, the entropy of the
system decreases with its volume, what often favours the formation of high entropy phases, such as
the perovskite structure. Therefore, due to the discussed broad P- T stability field of the pyrochlore
structure, higher pressures are needed to synthesise pure MNRMnSbOs perovskite derivatives. The
introduction of the large R** cations into the A site of the perovskite structure stabilises this denser
polymorph, thus making it accessible as single phases at extreme pressure conditions (10 - 13 GPa).

Initial precursor powders were prepared by grinding the stoichiometric amounts of Mn,0s, Sh.0s;and
R.0; oxides. The oxidation states of the cations in the MNnRMnSbQOs perovskites resulted Mn?", R®*
and Sb®" (as discussed later). Therefore, as in the previous Mn,MShOg oxides, the reaction taking
place under high pressure conditions favours the reduction of Mn3* to Mn?* and the oxidation of Sh**
to Sh°>*. However, the large size of the R3* cations can only be stabilised in the cuboctahedral void,
what means that a half of the B sites must be occupied by Mn. Since the octahedral coordination of
the B sites can stabilise the Mn®* of such a precursor, the final precursors used for the syntheses of
MnRMnSbOs include the mixture of the stoichiometric amounts of R,O3, MnO and Sb,Os, where the
cations in the reagents are already in their adequate oxidation states for the perovskite product. The
use of this different precursor resulted in a better control of the synthesis conditions and avoided the
presence of large amounts of non-desired secondary phases. A decarbonation process of the rare earth
oxides was previously performed through their heat treatment in air at 1173 K and by heating PreO11
at 1323 K under a N2/H2 (5%) flow in the case of Pr,Os. The best synthesis conditions resulted in 10
- 13 GPa (depending on the size of R®") and 1473 K. These conditions were applied during 20 minutes
using a Walker-type module, after which temperature was quenched and pressure was slowly
released.

One of the most important findings reached in this experimental work is that the crystal symmetry of
the obtained perovskites is strongly dependent on the ionic radii of R**. On the one hand, the primary
structural characterisation of these compounds through XRD revealed the formation of a conventional
DPv structure for R = Eu and Gd, which diffraction patterns show a similar profile to those of the
perovskite polymorphs of Mn;MSbOs (M = Fe, Cr, Sc). On the other hand, the XRD profiles of
MnRMnShOs with R = La, Pr, Nd and Sm show superstructure peaks which will be later discussed
to arise from the combination of the rock-salted order at the B sites with a columnar arrangement of
the A-site cations. Figure 5.12 shows the final Rietveld fits of the XRD patterns collected at room
temperature under synchrotron radiation at the high resolution endstation of BL04-MSPD beamline
at ALBA lightsource [19]. TiO, coming from the detector (second row of Bragg positions) and
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V.-Results and discussion: MNRMnSbOs 3.-High pressure

RMnO; (< 3% wt., third row) are included as secondary phases. The peaks marked with an asterisk
are parasitic signals from the diffractometer (polyamide-imide Torlon).
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Figure 5.12. Rietveld refinements of the XRD data collected under synchrotron radiation for
MnRMnShOs. The secondary phases included in the refinements are TiO, coming from the detector
(second row of Bragg ticks) and RMnOs (< 3% wt., third row), and the peaks marked with an asterisk

are parasitic signals from the diffractometer. The insets show an enlargement of the most intense
region, highlighted with a red box in the main figure.
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Concerning the Rietveld fit of the conventional DPv structure of the R = Eu and Gd containing
compounds, depicted in Figure 5.13-bottom, the structural model of the related Mn:MSbOs oxides
was used as a starting point. As advanced, upon substituting M** by R®* cations the large volume of
rare earths prevents their accommodation into octahedral environments, for which R3* cations usually
occupy the A site of the perovskite structure (as it occurs, e.g. in the well-known manganites).
Consequently, half of the Mn must be stabilised into the B sites, i.e. ordered with Sb in a rock-salt
configuration.

The main crystallographic results fitted for these DPv_MnRMnSbOs (R = Eu and Gd) oxides are
summarised in Table 5.5. A further study of the crystallographic details, including bond distances,
angles and coordination environments, is detailed after the description of the new perovskite
polymorph stabilised by MNRMnSbOs (R = La-Sm) so that the complete structural evolution induced
by the substitution of R is studied.

Table 5.5. Crystallographic details for the monoclinic DPv structure of MNRMnSbOs (R = Eu, Gd)
oxides from the Rietveld refinements of the powder XRD data collected under synchrotron radiation.

P24/n MnRMnSbOs
Common Atom-site X y z Occ
positions Mn2 —4d 0.5 0 0 0.5
Sb —4c 0 0.5 0 0.5
R Atom-site X y z Occ
Mn/R — 4e 0.0126(5) 0.0544(2) 0.7475(4) 0.5
Ol -14e 0.311(3) 0.333(3) 0.962(3) 1
02 —4e 0.344(3) 0.282(3) 0.564(2) 1
Eu 03 —4e 0.886(2) 0.444(3) 0.772(2) 1
Cell a(A) b (A) c(A) B
parameters | 544032 (2) 5.60579 (2) 7.87820 (3) 90.269 (1)
Atom-site X y z Occ
Mn/R —4e | 0.0123(3) 0.0571(2) 0.7474(3) 0.5
Ol —4e 0.297(2) 0.328(2) 0.946(2) 1
Gd 02 —4e 0.331(2) 0.291(2) 0.566(2) 1
03 —4e 0.892(2) 0.435(2) 0.770(1) 1
Cell a (A) b (A) c (A) B (°)
parameters | 5.42201 (3) 5.60797 (2) 7.85407 (5) | 90.309 (1)

Fitting residuals for Eu: R,= 5.93%, R.,= 8.43%, Rg=10.9% and Rr= 13.5%.

Fitting residuals for Gd: R,= 4.99%, R.,= 7.24%, Rz=4.36% and Rr=3.59%
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V.-Results and discussion: MNRMnShOs 3.-High pressure

Figure 5.13. Structural model determined for the DPv polymorph of MNRMnSbOs (R = Eu and Gd)
compounds from the Rietveld refinement of their XRD patterns collected under synchrotron radiation.

On the other hand, the routine powder XRD profiles of MNRMnSbOg with R = La, Pr, Nd and Sm
showed the typical diffraction maxima of a perovskite structure coming from the conventional rock-
salt order of the B-site cations (shortened as RS_B here). However, a carefully observation of the
diffraction patterns revealed the appearance of a superstructure reflection at low angles, which
indicates the possible stabilisation of an additional cation ordering.

In order to determine this new structure, ISOTROPY software [20] was used to check, in first place,
the possible space groups that allowed symmetries for the simultaneous combination of cationic
RS_B order with the three possible A-site arrangements, i.e. layered (L_A), columnar (C_A) and
rock-salted (RS_A) and, afterwards, the tilt systems that originate additional distortions. Therefore,
starting from the ideal Pm3m perovskite, the program gives R (% Y% %), M (% % 0) and X (0 % 0)
as the k-points in the Brillouin zone that can be assigned to the RS, C and L orders respectively in a
related doubled cell. Each of these k-points was used to check the Ireps associated to them, which
resulted in R2-, M4+ and X3- respectively for the A site (Wyckoff b position), and R1+ for the RS_B
(Wyckoff a position). The combination of each of these Ireps for the different orders among A and
A' cations with the R1+ determined for RS_B order, provided a list of possible subgroups,
summarised in Table 5.6.

145



V.-Results and discussion: MNRMnShOs 3.-High pressure

Table 5.6. ISOTROPY subgroups for the combination of i) rock-salted (RS), ii) columnar (C) and iii)
layered (L) orders within the A site, with the RS order of B and B' cations in a double double
perovskite (DDPv) derivative.

RS A+RS B C A+RS B L A+RS B
Subgroup Origin Subgroup Origin Subgroup Origin
F-43m (000) Pn-3m 111) P-43m (-1/2 -1/2 -1/2)
P4,/nnm 0-1-1) P4,/mcm (0172 1/2)
P4,/mmc (1/21/2 0) P4/nmm (0172 -1/2)
Pnnn (000) P-42m (/2 1/2 1/2)
Pccm (01/2 1/2)
P222 (-1/2 1/2 1/2)

In order to check these solutions, the experimental systematic absences were deduced from the profile
fit of the routine experimental XRD data to the lowest symmetry (P-1): (00I) with I = 2n + 1 and
(hk0) with h + k = 2n + 1. These extinction conditions point the presence of a screw axis perpendicular
to a glide plane, what quickly excludes the RS_A + RS_B combination and leaves only three possible
solutions: P42/mmc and P4,/nnm for the C_A + RS_B combination and P4,/mcm forthe L_ A+RS B
ordering. Among them, P4,/nnm symmetry can be directly excluded, since it has additional elements
of translational symmetry respect to those deduced from the P-1 profile fit. It is remarkable that the
other two solutions also include additional extinctions, so further distortions affecting the anionic
array will be needed. However, in order to check whether the A cations are ordered into columns or
into layers, the P4,/mmc and P4,/mcm space groups were used to fit just the cationic ordering. These
space groups are closely related by a change in the origin of the perovskite cell from (2 % 0) to (0 %
1), their c-glide plane being perpendicular to the z- or y-axis respectively. Therefore, the crystal unit
cell is ap\2 * ap\2 * 2a, forthe C_A+RS_Band  2a, * ayV2 *a,V2 for the L_A + RS_B orderings.
Figure 5.14 shows the refinements testing both crystallographic models, where it can be observed that
only P4,/mmc was found to fit all the reflections arising from cationic ordering [21,22]. Otherwise,
the combination of a diagonal cell and the L_A + RS_B orderings can only fit one of the cation order
superstructure peaks. Therefore, the A-site arrangement in these doubly ordered perovskites must be
columnar.

a) | P4,/mme b)t Pasmem| I  Asie
o ] [ B-site order |
—t B-site Assite —F order E
S 1 5§ ]
< h order order 4 < F l l E
— Tilting l l 1k * E
é‘ i distortion ] .é‘ Ly . * 4 i A 1
& l . ) & P .~ 1
St * . I jL 1 Shog .‘ ! ]
S b i o T 1 =t ’ E
I O I B | | 1 I - t
-"""‘r““"“"“"‘""l‘“""‘ o e M e e - N _- ) ) ) -_
2 4 d (A) 6 2 4 d (A) 6

Figure 5.14. Fits of the XRD data of MNnNdMnSbOs tothe C A+ RS B (a) and L_A + RS_B (b)
models using the P4,/mcm and P4,/mmc space groups respectively.
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Since not all the peaks of the diffraction pattern could be indexed with this space group (note the
reflection labelled in Figure 5.14a at d ~ 3.53 A), a structural distortion affecting the anionic sublattice
is needed to decrease the symmetry of the cell. Therefore, a second symmetry analysis with
ISOTROPY was performed, now considering both the C_A + RS_B cationic arrangements and the
octahedral tilting. In this context, it is established that the three-dimensional Ireps for in-phase and
out-of-phase octahedral tilts arising from the Pm3m parent group are M3+ and R4+ respectively
[23,22,24]. Consequently, each of them has been combined with the cationic coupled orders, i.e. M4+
and R1+ for C_A + RS_B, resulting in the possible space groups summarised in Table 5.7.

Table 5.7. ISOTROPY subgroups for the combination of the columnar arrangement of A-site cations,
rock-salted B-site cations and in-phase (left column) or out-of-phase (right) octahedral tilts in the
DDPv structure of MNRMnShOs (R = La, Pr, Nd and Sm).

C A+ RS B +inph-tilt C A+RS B + oph-tilt

Subgroup Origin Subgroup Origin

Pn-3 (111) R-3 (000)
P4,/nnm (0-1-1) P4./n (-1-1-1)
Cccm (1/2 -1/2 0) P4,/m (1/2 1/2 0)
Pnnn (000) C2lc (1/21/2 0)

P2/c (000)

C2/m (001)

P2/m (000)

P-1 (000)

Taking into account the required presence of a screw axis perpendicular to a glide plane, most of the
solutions shown in Table 5.7 can be discarded. In fact, only the P4,/n space group, including an out-
of-phase tilt system, is a possible solution, since the P4./nnm in-phase tilted system was already
discarded in the previous step for inducing additional extinctions.

Therefore, the P4,/n space group has been found to fit all the reflections of the diffraction patterns of
MnRMnShOs (R = La, Pr, Nd and Sm) compounds with a 2a, * 2a, * 2a, cell. According to the
International Tables for Crystallography (Vol. A1) [25], the change from the diagonal cell (a,V2 *
ap\2 * 2a,) which supports the C_A + RS_B cationic arrangements (S. G. P4,/mmc) to this doubled
cell along the three crystallographic axes (2a, * 2a, * 2ay) is possible because P4,/n is a maximal non-
isomorphic subgroup of P4,/m (a'= 2a, b' = 2b), which is a subgroup of the discussed P4./mmc fitting
the cation order. The Rietveld refinements of their high resolution XRD data collected under
synchrotron radiation were depicted in Figure 5.12 and their structural details are summarised in
Table 5.8.

The Figure 5.15 shows the crystal structure of this new DDPv, that can be described as the
combination of the conventional RS order of Mng (purple) and Sb (blue) among the B sites with the
unusual columnar arrangement of Mna (green and grey) and R (orange) into the A sites. Mng and Sb
locate into the 4c and 4d octahedral sites respectively, sharing corners along the three crystallographic
axes. The a*a‘c tilt system associated to the oxygen displacements from their 8g site gives rise to
three different cuboctahedral voids: two of them (2a and 2b Wyckoff sites) are fixed positions where
Mn (Mna and Mna in Table 5.8 and Figure 5.15) sites into highly symmetric environments and the
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third one (4e position) is an irregular site occupied by the large R®" cation with a degree of freedom
along the z direction. The mentioned regular coordinations of Mn in the A sites are shown in the lower
part of Figure 5.15 to be tetrahedral (Mna, green) and square planar (Mna, grey), which sequentially
alternate along their columns. Therefore, these MNRMnSbOs (R = La, Pr, Nd and Sm) double double
perovskites are notable not just for being the first examples of C_A + RS_B cation order combination
in the perovskite family, but also for stabilising five different cationic environments, three of them
for Mn?* cations in octahedral, tetrahedral and square planar coordinations [26], as further discussed
from the study of the M-O bond lengths.

The evolution of the cell parameters of MNRMnSbOs (R = La-Sm) agrees with the lanthanide
contraction, as they concomitantly decrease with the substitution of R by progressively smaller rare
earths. The transition from the DDPv to the simpler DPv structure for R3* cations smaller than Sm
(further explained below) is induced by the disorder of Mna, Mna and R into a single A site.

Table 5.8. Crystallographic details for the tetragonal MNRMnSbOs (R = La, Pr, Nd, Sm) oxides from
the Rietveld refinements of the powder XRD data collected under synchrotron radiation.

P4,/n MnRMnSbOs
Atom-site X y z Occ
Mna — 2a 0.75 0.75 0.75 0.25
Mna> —2b 0.25 0.25 0.75 0.25
R—4e 0.25 0.75 z 0.5
Mng — 4c 0 0.5 0.5 0.5
Sb —4d 0 0 0.5 0.5
01 -8g X y z 1
02 - 8g X y z 1
03 -8g X y z 1
R a (A) c (A) Z 01 02 03
x| -0.052(4) | x | -0.224(3) | x | -0.279(2)
La | 7.86342 (2) | 8.02932(3) | 0.7751(2) |y| 0.545(4) |y | -0.041(2) |y | 0.080(2)
z| 0.228(2) | z | 0578(2) | z | -0.029(2)
x| -0.047(2) | x | -0.226(2) | x | -0.264(2)
Pr | 7.83809 (1) | 7.93135(2) | 0.7768 (1) |y| 0.563(2) |y | -0.036(1) |y | 0.072(1)
z| 0.228(2) | z | 0.580(1) | z | -0.030(1)
x| -0.050(2) | x | -0.207(2) | x | -0.257(2)
Nd | 7.80354(2) | 7.90375(1) | 0.7777(1) |y| 0559(2) |y | -0.017(2) |y | 0.075(1)
z| 0.220(2) | z | 0582(1) |z | 0.039(2)
x| -0.055(5) | x | -0.182(3) | x | -0.257(4)
Sm | 7.82385(3) | 7.85109 (4) | 0.7789(3) |y| 0.549(5) |y | -0.002(4) |y | 0.075(3)
z| 0.220(3) | z | 0.586(3) | z | -0.034(3)

Fitting residuals for La: R, = 8.41%, Ry = 12.1%, Rs = 6.72% and Re = 6.49%
Fitting residuals for Pr: R, = 10.6%, Rwp = 15.5%, Rg = 7.94% and Rr = 8.63%

Fitting residuals for Nd: R, = 7.06%, Rup = 9.96%, Rg = 13.9% and Re = 11.9%
Fitting residuals for Sm: Ry, = 4.62%, Rwp, = 6.75%, Rg = 10.2% and Re = 16.7%
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Figure 5.15. Structural model determined for the DDPv polymorph of MNRMnSbOs (R = La-Sm)
compounds from the Rietveld refinement of their XRD patterns collected under synchrotron radiation.

The DDPv structure has also been tested through NPD and electron microscopy studies. NPD data
were collected at WISH diffractometer at 200 K for MNNdMnShOe. The fit of the diffraction pattern,
depicted in Figure 5.16a, supports the results obtained from the synchrotron XRD data. The
considerable difference in the neutron scattering lengths of Nd (7.69 fm), Sb (5.57 fm), Mn (-3.73
fm) and O (5.8 fm) [2] confirms the different cationic sites, highlighting the occurrence of
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independent columns occupied by the atoms with the highest scattering length and by those with a
negative value. It is also possible to elucidate the rock-salt arrangement of B-site cations from the
difference between Sb and Mn, as it was discussed in the previous chapters concerning Mn,MSbOg
(M = Sc, Cr and Fe) double perovskites. The scattering length of oxygen atoms allows the
determination of accurate oxygen positions compared to those obtained from XRD. The atomic
positions for O1, O2 and O3 sites summarised in Table 5.8 were updated after fitting the NPD of the
R = Nd sample. It is worth noting that NPD data were also collected at 80 K at D20 instrument for
MnRMnShOs R = La and Pr compounds, which resulting oxygen positions supported these results.

A complete study of this new DDPv derivative was also performed through electron microscopy and
its associated techniques. SAED patterns of MNnRMnSbOg (R = Pr and Nd) were taken in a JEOL
JEM2100 microscope operating at 200 kV with a double tilt (£45°) goniometer.

The diffraction patterns of a MNNdMnShOs crystal, depicted in Figure 5.16b, can be indexed along
[110]p, [100], and [210], zone axes with a crystallographic 2a, * 2a, * 2a, cell.

a)  |[200K : ]

Intensity (a.u.)

[110] [100] [210]

Figure 5.16. a) Rietveld refinement of the NPD data collected at 200 K for MNNdMnSbO¢ using the
DDPv structural model. b) SAED patterns of a MnNdMnShQs crystal along the [110]p, [100] , and
[210], zone axes.
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The new cationic arrangement determined from XRD and NPD was confirmed by transmission
electron microscopy studies. Initial high resolution transmission electron microscopy (HRTEM) and
electron energy loss spectroscopy (EELS) experiments were performed with a JEOL JEM 3000F
microscope operating at 300 kV. Further Scanning-Transmission Electron Microscopy (STEM)
images were collected in a JEOL JEM ARMZ200cF microscope with corrected aberration in the
condenser lens, providing atomic resolution.

Figure 5.17 shows the STEM image of MnPrMnSbhOs along [110] direction. The observed
periodicities correspond to the ¢ cell parameter (~ 7.9 A) and the xy plane (~ 5.5 A). A portion of the
same crystallographic direction of the structure determined from XRD-NPD is superimposed,
showing a good fit to the experimental image. The periodicity of equivalent B and A sites can be

derived from [001] and [110] directions respectively. The simulation of the HRTEM images,

performed with MacTempas X software [27] using the refined structure from NPD data, is also
included as an inset on the bottom-right corner of the micrograph, showing a good fit to the
experimental data. The electron-rich Pr (Z =59) and Sb (Z = 51) columns appear as bright spots while
Mn are faint according to their low Z (25) number. The scanned intensities along z, depicted on the
right hand side of the Figure 5.17a, show different profiles for subsequent columns, assigned to Sh-
Mna-Mng-Mna-Sb and Mng-Pr-Sb-Pr-Mng, thus supporting the cationic ordering deduced from XRD
and NPD.

[-110] “Tsb Sb sb

Intensity (a.u)

Intonsity (a.u.)

Figure 5.17. a) Atomic-resolution [110] TEM image of MnPrMnSbOg (left).The DDPv model and
the simulated image (lower-right orange box) are included as insets, both fitting the experimental
data. The scanned intensities (right) from the dashed box sections show different [001] repeat
sequences revealing the columnar order of A-site cations. b) STEM image (grey, left) of
MnPrMnSbOg along [010] zone axis and X-ray mappings fitted for Mn (blue) and Pr (red).
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The X-ray mappings performed from STEM images collected along the [010] zone axis are shown in
Figure 5.17b, where it can be observed that Pr atoms (red coloured) are only located at the A sites
while Mn (blue) are stabilised at both A and B sites. The combination of both mappings into a single
one, shown on the right panel of Figure 5.17b, fit the alternation of A (red) and B (blue) sites.

As indicated, EELS spectra were also collected for MNRMnSbOs (R = Pr and Nd) DDPv polymorphs
in order to check the oxidation state of Mn. The results, exemplified in Figure 5.18 for a representative
sample of MnPrMnSbQs, show the typical ratio for the Ls/L, edge lines of Mn corresponding to Mn?*.
It is worth noting that the oxidation states determined from BVS calculations from the M-O bond
distances from the Rietveld refinements of NPD and synchrotron XRD data are averaged values based
on an ionic model. For this reason, the presence of a certain covalent character of these bonds affects
the experimental averaged oxidation states, as it was discussed in detail for the DPv polymorph of
Mn,CrShQOs related compound in chapter I11. Otherwise, the evidence of a 2+ state for Mn from more
accurate EELS spectra confirms the expected Mn?*R3*Mn?*Sb°*Og nominal formula.
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Figure 5.18. a) EELS spectrum for MnPrMnSbO¢ DDPv structure showing the Mn-L, and Ls
ionisation edges. b) Calibration curve for Mn oxidation states from the La/L integrated intensity

ratios for different binary Mn oxides. The experimental ratio for MnPrMnSbOg from figure a) is
interpolated (blue cross), showing all Mn adopts 2+ state.

It is finally remarkable that during the final steps of the structural characterisation of this new DDPv
derivative a single crystal of MNNdMnSbOs could be grown by slowly cooling the HPHT synthesis
product. Single crystal XRD data were collected on a SuperNova X-ray Diffraction System (Oxford)
and the structure was solved using the Superflip package in Jana2006 [28]. The structural details,
including atomic coordinates, bond lengths, equivalent thermal factors and BVS calculations, are
summarised in Table 5.9. In general terms, the discussed structural details determined from the
Rietveld refinements of the powder XRD and NPD data and supported by microscopy studies, are
undoubtedly confirmed from single crystal analysis [26].
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Table 5.9. Refinement results for MNnNdMnSbOg DDPv structure from single crystal XRD taken at 120
K under Mo K, radiation. S.G. P4,/n; a = 7.8225(5) A, c = 7.9077(5) A. Fitting agreement factors: Robs
=2.24%, wR; = 5.04%, GOF = 1.20.

X y z Ueq. [A?] BVS
Mna Y Ya 0 0.005 1.9
Mna 0 0 0 0.019 1.8
Nd* 1 0 0.2674(4) |  0.006 2.8
Mng Ya Y Ya 0.006 2.2
Sb* Ya Y Ya 0.003 5.4
01 | 03194(3) 00097(3) 0.2820(3) | 0.007 L
02 | 04855(3) 0.2920(3) 0.1655(4) | 0.009 _
03 | 03192(4) 0.3004(4) 0.4855(3) | 0.009 _

dao (A) dso (A)
Mna-03 (x4) 2.110 (3) Mns-O1(x2) 2.118(3)
Mna-02 (x4) 2.091 (3) Mns-02(x2) 2.199(3)
Nd-O1 (x2) 2.465 (3) Mng-03 (x2) 2.196(3)
Nd-O1 (x2) 2.397 (3) Sh-01(x2) 1.973(3)
Nd-02 (x2) 2.536 (3) Sb-02 (x2) 1.987(3)
Nd-03 (x2) 2.762 (3) Sb-03 (x2) 1.979(3)
Nd-03(x2) 2.946 (3)

“Small antisite disorders have been detected for Nd and Sb sites, which have 6.3 (6) % and
7.6 (6) % of Mn respectively.

Table 5.10 shows the interatomic M-O bond distances obtained from the NPD and synchrotron XRD
diffraction patterns. The theoretical bond distances, calculated from the sum of the ionic radii of O
and M in the adequate coordination number are 2.0 A (Sb-0), 2.23 A (Mng-0) and 2.06A (Mna-O in
the DDPv structure). The theoretical R-O distances for the six MNRMnSbOgs compounds are also
summarised in Table 5.10. According to these distances Sh and Mng are six-fold coordinated at the
B-sites of both DDPv and DPv structures and there is a good agreement between the calculated and
the theoretical values, since it can be observed that (M-O)exp. ~ (M-O):.. On the other hand, different
coordination environments are favoured for the A-site cations due to the large difference between the
ionic radii of R* and Mn?* cations, as mentioned during the description of the DDPv structure.
Cooperative oxide displacements in the DDPv_MnRMnSbOs modification results in almost regular
alternating tetrahedral and square-planar environments for the A-site Mn?* cations that are located in
two inequivalent sites within their column. In contrast, R®" cations are 10-fold coordinated. The
MnRMnShOs DDPV structure is notable for having five different cation sites, three of them occupied
by Mn?" in tetrahedral, square-planar, and octahedral environments. Upon changing R for smaller
cations, the optimisation of the octahedral tilt (discussed below) for the accommodation of the rare
earth at the 4e position induces the concomitant distortion of the Mn A sites. The small size of the
fourfold Mn (0.66A) is adequate for the tetragonal and square planar coordinations in the sufficiently
different voids of MNRMnSbOs (R = La, Nd and Pr) compounds, but in the case of R = Sm oxide it
induces an increase of Mna-O distances, which become closer to the six-fold coordination of the
monoclinic double perovskites, since the theoretical ionic radii of Mn?* in such coordination amounts
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to 0.96 A. The increase on the coordination of Mn A sites in MnSmMnSbOs compensates by lowering
the coordination of Sm*" down to a near eightfold position.

Table 5.10. Experimental ® M-O interatomic distances for both tetragonal and monoclinic
polymorphs of MNRMnSbOg determined from their Rietveld refinements.

R dse-o (A) dwreo (A) | dwnao (A) | dwnao (A) | droeey (B) | drom) (A)
La 1.89 2.27 2.25 2.15 2.56 2.56

Pr 1.92 2.22 2.16 2.16 2.54 2.53
Nd 1.93 2.21 2.09 2.09 2.55 251
Sm 1.80 2.32 2.20 2.38 2.47 2.48
Eu 1.92 2.23 dao@ee) = 2.39 2.41
Gd 1.94 2.21 dao@eg) = 2.38 2.40

? The theoretical values determined from d m.o @) = rm + ro are 2.00 A, 2.23 A and 2.06 A for M =
Sh, MnB and MnA/A' respectively. The expected value for the R-O distance for each R is included
in the last column, where it is averaged with d mna-o @n) for the disordered A sites in the DPv
MnRMnSbOs (R = Eu and Gd).

As it has been stated, there is and "order (DDPv) to disorder (DPv)" phase transition when the size of
the R3 cation decreases along the lanthanide series. Figure 5.19a shows two different regions of the
synchrotron XRD patterns that highlight the evolution of the diffraction peaks upon substituting R
for progressively smaller ones. The d = 4 - 6 A region is depicted on the left-hand side of the figure,
which shows the presence of (110)ooev and (111)oopy reflections arising from the C_A and RS_B
arrangements respectively in the patterns of MNRMnSbOs (R = La-Sm). The small broad peak
identified with an asterisk is a parasitic signal coming from the diffractometer. The (110)pppy
reflection associated to the A-site columnar ordering disappears when Sm is substituted by Eu and
smaller rare earths. The (111) pppv reflection splits into (101)ppy and (011)pey as a consequence of
lowering the symmetry from P4,/n to P2;/n. The d = 2.7 — 2.85 A region, enlarged on the right-hand
side of Figure 5.19a, shows the evolution of the most intense peaks of the XRD patterns. The
(022)pppy and (220)ppey reflections get closer from La down to Sm and finally splits into a doublet,
identified as the (112)opy + (112)opv reflections of the DPv structure, for Eu and Gd. These two peaks
are surrounded by another two assigned to the (020)ppy and (200)ppy crystallographic planes
commonly observed in P2:/n double perovskites.

The progressive evolution of the cell parameters, summarised in Tables 5.5 and 5.8, is depicted in
Figure 5.19b. The normalised c, cell parameter of both the tetragonal DDPv and the monoclinic DPv
polymorphs (c» = c/ap) decreases with the ionic radii of R. The change of trend coincides with the
phase transition from the P4,/n to the P2:/n symmetries. A similar but smoothed effect is observed
for the normalised a parameter (a»), which splits into two (a, and b,) according to the monoclinic
symmetry.
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Figure 5.19. a) Enlargement of the 4 A - 6 A (left) and 2.7 A — 2.85 A (right) regions of the XRD
profiles collected under synchrotron radiation, where the DDPv to DPv transition is observed. b)
Evolution of the normalised cell parameters and volume (left axis) and the in-phase (®.) and out-of-
phase (® ) octahedral tilt angles (right axis) as a function of the ionic radii of R%* cations.

Coupled to this phase transition, a change of tilt system is observed from the a*a*c” associated to the
tetragonal P4,/n space group to the aa'c* featuring the monoclinic P2:/n one. It is worth noting that,
as detailed in Chapter I, columnar A-site arrangements are stabilised by SOJT distortions and high
tilt angles [29]. Among the few perovskites known to stabilise this type of order, the DPv CaFeTi.Os
is notable for being the first example of A-site columnar ordering associated to a*a*c tilt system. The
in-phase tilt in the basal plane (®+) amounts to 16.5 ° and the out-of-phase one (®. ) is 11.3 ° [30].
The tilt values observed for the double ordered MNRMnShOgs compounds, which lowest values
amount to @ = 18.6 ° and @. = 15.2 °, are rather high compared to those. These larger tilting angles
are consistent with the stabilisation of the columnar order into the DDPv structure in spite of its high
distortion, which involves the need for high pressure synthesis conditions[26].

The numeric results of the calculations of the depicted tilt angles of MNRMnSbOs perovskites are
summarised in Table 5.11. The independent ®. and . tilt angles have been determined from the half
difference between the experimental < B — O, — B' > angles and their ideal 180 ° value, as explained
in Apendix I. The tilts parallel to the basal plane of the perovskite structure (0) were calculated using
the average of the < B — O, — B' > angles through O1 and O2 for the monoclinic DPv and through O2
and O3 for the tetragonal DDPv polymorph. The ®. and ®. of MNnRMnShOs (R = Eu and Gd) adopt
similar values as it occurred in the related Mn,MShOs (M = Cr, Fe, Sc) DPv where @ is identified
as ¢ and @. corresponds to 6 [31-33] but they diverge for MNRMnSbOs (R = La - Sm). The tilt
systems associated to these two space groups are reciprocal, i.e. the in-phase tilts along [110] and
[110] directions of the tetragonal polymorph (6, and 05 in Table 5.12) become out of phase for the
monoclinic distortion (01 and 6,) while the out-of-phase tilt along [001] in the former (¢1) turns into
an in-phase tilt (¢3) as a consequence of the A-site cations disorder effect. Therefore, the tilt angle
evolution can be considered as an order parameter for this phase transition.

155



V.-Results and discussion: MNRMnShOs 3.-High pressure

Table 5.11. Distortion parameters for MNRMnSbOs as a function of the ionic radius of R and its
difference with that of the A-site Mn?* cation®: In-phase and out-of-phase tilt angles (®., ®.) and
octahedral distortion (A) of SbOs and MnOs determined from A = (1/n)*Y [ (dav-di)/da]?.

R R (A) R - rvna’? (A) (0N Q. A (SbOG) A (Ml’lOe)
La 1.16 0.50 19.50 15.20 1.04*10* 5.6*10°
Pr 1.126 0.46 18.63 17.35 1.18*10* 3.95*10*
Nd 1.109 0.45 19.05 17.05 1.7*10* 1.6*10
Sm 1.079 0.42 19.38 16.55 9.53*10°° 7.07*10°3
Eu 1.066 0.106 19.55 19.08 4.01*10* 6.95*10*
Gd 1.053 0.093 19.40 19.20 1.9*10° 7.1*10°

3 The ionic radii for the fourfold coordinated Mn?* cations in A sites of the tetragonal double double
perovskites is 0.66 A. The conventional higher coordination of Mn in the A-site disordered
configuration stabilizes r = 0.96 A.

It is also remarkable that SbOs and MnQOg appear to show considerably different tilts for both
modifications. The results obtained from the use of equation Eq. #bla of Apendix I, are summarised
in Table 5.12. Higher values have been found for SbOg octahedra, but the averaged MnOgs/ShOs @-
and ®. values are close to those determined from the < B — O, — B' > angles shown in Table 5.11. The
trend of this evolution is that expected considering that the determination of the tilt angles from atomic
positions is directly related to the difference between the expected and the experimental M-O
distances, which are farther altered for M = Mn than for Sb, thus originating higher tilt angles for the
more regular SbOg octahedra. The octahedral distortions (A) are also shown in Table 5.11, where their
evolution upon substituting R for progressively smaller cations can also be observed: they increase
from R = La to Sm despite the apparent higher symmetry of MnSmMnShQOs, thus revealing an
increasing distortion of the DDPv structure. After the phase transition into the monoclinic DPv
derivative both octahedra become less distorted, achieving magnitudes comparable to those of
Mn,MSbOs (M = Cr, Fe, Sc) DPv [31-33].

Table 5.12. Independent tilt angles (°) of MnOs and ShOg octahedra in MNRMnShQs. In-phase and
out-of-phase tilt angles (-, ®.) are labelled as a function of their propagation direction (¢ along [001]

and 0 along [110] and [110]) and of their mediating oxygen (O, mediates for ¢n and 0,).

. D,
R [9:(Mn) 6:(Sb) & | 62(Mn) 0,(Sb) 0, | 0s(Mn) 05(Sb)  Os 0"
La | 1385 1647 1516| 1809 21.92 20.00| 1692 21.03 1898 | 19.49
Pr| 1611 1888 1750 | 21.82 2153 21.68| 1658 18.38 17.48 | 19.58
Nd | 1513 1887 17.00| 17.23 21.96 19.60 | 17.64 19.15 18.40 | 19.00
Sm | 14.69 1847 1658| 1536 2564 2050 | 17.78 1867 18.23 | 19.37

D. .
0s(Mn) ¢s(Sb) & | 62(Mn) 0,(Sb) 0, | 0:.(Mn) 0:(Sb) O 0
Eu | 1708 2115 19.57| 17.90 2221 2005| 1721 18.99 18.10 | 19.08
Gd | 1800 2088 1944 | 1866 2157 2012 | 1722 19.66 18.44 | 19.28

“ Note the averaged ¢ and 0 values are comparable to the ®. and ®. values respectively summarised
in Table 5.11 for R = La - Sm compounds and to the corresponding ®. and ®. for R = Eu-Gd.
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3.2 - Magnetic behaviour

The magnetic behaviour of MNRMnSbOgs compounds has been studied in terms of their temperature
dependent magnetic susceptibility and field dependent magnetisation measurements. Figure 5.20
shows the thermal evolution of their direct (left axis) and reciprocal (right axis) susceptibilities and
their corresponding fits to the Curie-Weiss law. These plots show a complex magnetic behaviour at
low temperatures showing several consecutive magnetic transitions. Some of these transitions
account to the presence of small amounts (< 4%) of Mn containing compounds as RMnOz and MnO.
Taking into account the magnetic behaviour of these secondary phases, two magnetic transitions can
be assigned for most of the MNRMnSbOs oxides, i.e. R = Pr, Nd, Sm and Eu, attending to the
paramagnetic nature of the rare earth element. On the other hand, R = La and Gd containing
compounds show a single magnetic transition. This feature is associated to the diamagnetic character
of La* and the absence of magnetic anisotropy of Gd** cations: the former implies the unique
ordering of the Mn?* magnetic sublattice and the latter favours the simultaneous order of R** and
Mn?2* spins.

These materials are paramagnetic at high temperatures and the Curie-Weiss fit to 150-300 K
reciprocal susceptibility gives negative values of the Weiss constant, pointing to the existence of
antiferromagnetic interactions. The experimental paramagnetic moments are in good agreement with
the theoretical values, although those of R= La, Pr, Sm and Eu compounds were determined at room
temperature due to the presence of magnetic impurities (R = La) or to their frequently temperature
dependent moments. The Néel temperatures for these single (Tni) or consecutive (Tni and Ty)
transitions have been determined from the first order differentiate of the reciprocal susceptibilities.
These differentiates are included as black lines in Figure 5.20. The resulting ordering temperatures
are summarised in Table 5.13 along with the fitting results for the Weiss temperature (0) and the
effective magnetic moment (Lesr). Their expected values (), saturation magnetisations (Msat) and
coercive fields (Hc) from M vs. H curves are also included in Table 5.13.

Table 5.13. Ordering temperatures, Weiss constant (0), effective (pesr) and expected (Un,) moments,
saturation magnetisations @ and coercive fields (Hc) of MNRMnShOg DDPv and DPv polymorphs.

R | Tna(K) | The(K) | O(K) | Meir (MB) | Min (M) | Mo/ Msat Hc (T)
La | 48 837 095/ | 002
Prr 89 75 9.12 15/1.85 0.08
Nd 76 42 -80 8.9 9.14 1.2/21 0.20
Sm” 80 39 -128 8.3 8.5 012/ 0.40
Eu” 61 38 9.05 030/ 0.02
Gd 67.5 -32 11.1 11.53 5.3/5.8

3 My stands for the remanent moment. * The effective magnetic moments could not ben determined
due to the presence of secondary phases (MnO in R = La sample) or moments varying with
temperature (R = Pr, Sm and Eu).
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Figure 5.20. Magnetic behaviour of MNRMnShOs DDPv and DPv compounds in terms of their direct

(left axis) and reciprocal (right axis) magnetic susceptibility. The black line shows the first order
differentiate of the ! revealing the ordering temperatures.
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Figure 5.21 shows the field dependence of the magnetisation of MNRMnShQOg at 2 K. A common
feature observed for all the compounds is the presence of a net ferromagnetic component at 2 K,
which agrees with their discussed susceptibility measurements.

Starting from MnLaMnSbhOg compound, Mn?* is the only paramagnetic cation at both A- and B-sites
of the DDPv structure. Taking into account the small remanent moment (~ 0.95 pg) and the shape of
the M vs. H plot, AFM behaviour with a small canting angle of the Mn spins may operate at low
temperatures. This magnetic behaviour has been confirmed by the determination of the magnetic
structure through NPD techniques. As it will be further discussed below, there exists an AFM ordering
between Mna and Mng - ferromagnetic sublattices within the xz plane.

The introduction of a paramagnetic lanthanide increases the complexity of the magnetic behaviour of
these perovskites. The M vs. H loops of R = Pr and Nd compounds show higher ferromagnetic
components than that of the La containing compound, with remanent magnetisation values of 1.5 pg
and 1.2 pg respectively. Both loops show small coercive fields (0.08 T and 0.20 T respectively), with
an incomplete wasp-waisted shape that can be attributed to the coexistence of AFM and FM
competing interactions [34]. Their saturation magnetisations (Msx. in Table 5.13) show net
components that fit with the only contribution of ordered FM moments of the 4f?Pr¥*(gJ = 3.20 us)
and 4f3Nd**(gJ = 3.27 pg) cations, thus pointing to the AFM character of the Mn?* sublattice. This
hypothesis is further discussed in the magnetic structure determination section where below Ty,
Mn?*_A and Mn?*_B spins couple AFM along the z axis and Pr3* orders FM along the same
crystallographic axis. The magnetic structure of the Nd containing compound at 2K is closely related
to that of MnPrMnSbhQg, but the spins are located in the xy plane. It is interesting to note that
MnNdMnShOs compound presents a spin reorientation transition strongly influenced by the rare earth
magnetic anisotropy, further discussed below

The magnetisation loop of the R = Sm compound does not saturate, what indicates its predominant
AFM behaviour. However, a wasp waisted hysteresis loop is also observed at 2 K, resembling those
observed for MNRMnSbhOg R = Pr and Nd. Due to the high neutron absorption of Sm** [2] NPD
measurements have not been performed to elucidate the magnetic structure of this compound.
However, the magnetic behaviour can be explained if Mn?* sublattices coupled AFM and the FM
component arised from the FM character of Sm** spins, taking the magnetic structures of R= Pr and
Nd compounds as a reference. The lower remanent magnetisation of this compound (see Mo values
in Table 5.13) is in good agreement with the theoretical net component associated to the ®Hs, ground
term of Sm** (gJ = 0.71 pg).

In order to understand the origin of the AFM interactions, an analysis of the type and relative strength
of the different possible magnetic interactions is performed. Table 5.14 summarises the M-O-M
superexchange angles occurring among the different crystallographic sites. It is worth noting that the
rock-salt order of B sites implies the need for supersuperexchange Mng-O-Sbh-O-Mng pathways and
the fourfold coordination of both Mna and Mna- sites prevents their direct interaction, so neither A
/A" nor B site Mn?* cations can develop effective magnetic interactions with their equivalent sites.
Therefore, the strongest magnetic interactions in these compounds are the A - O - B ones, which occur
through angles near 90°, thus favouring their AFM matrix behaviour.
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Table 5.14. Angles (°) mediating the main magnetic interactions in the DDPv and DPv structures of
MnRMnSbOs compounds.

R O: < R—Ocn)z— Mng> O <Mna — O1 - Mng> <Mna — Os - Mng>
La | 888(3) | 856(3) | 983(3) 99 (1) 101 (1)

Pr | 855(3) | 865(3) | 1014 (3) 101.4 (3) 100.8 (3)

Nd | 856(3) | 87.7(3) | 1036(3) 98.9 (3) 96.6 (3)

Sm | 87.7(4) | 838(4) | 104() 98.5 (4) 86 (1)

Eu | 111.7(3) | 936(3) | 995(3) — —

Gd | 112 (1) 96 (1) 98.6 (3) _ _

On the other hand, the DPv derivatives of the R = Eu and Gd compounds do not exhibit any significant
hysteretic behaviour according to their low coercive fields, which amount to ~0.02 T and 7.3 * 10*
T respectively. The magnetisation loop of the R = Eu compound does not saturate, indicating an AFM
coupling between Mn-A and Mn-B sublattices, since the ground term of the Eu®* cation ("Fo) does
not contribute to the ordered magnetic moment. The small FM component observed in this compound
(~ 0.3 ug) can be explained in terms of the existence of a rather small canting angle between both
Mn-sublattices. The magnetic moment at saturation in the hysteresis loop for the R= Gd compound
measured at 2 K takes the value of ~ 5.8 pg. Assuming that Mn?*_A and Mn?*_B spins coupled AFM,
as in the previous cases, and the net FM component was assigned to the FM ordering of Gd®* spins,
the saturation moment is smaller than gJ (7 pg ). Since L = 0 for Gd**, an incomplete quenching of
the angular moment does not exist for this ion taking into account that the ground term of the Gd**
free ion is 8S7,. However, the cation disordering between Mn and Gd at the A site of the perovskite
structure may have some influence on the magnetic ordering of both sublattices.

However, the proposed models for these two magnetic structures cannot be experimentally confirmed
due to the high absorption of neutron radiation by Eu** and Gd** cations [2].
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Figure 5.21. Field dependence of the magnetisation of MNRMnSbOgs R = Laand Pr DDPv at 2 K. The
Figure continues on the next page for the rest of the rare earths.
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Figure 5.21. Field dependence of the magnetisation of MNRMnSbOgs R = Nd and Sm DDPv and R =
Eu and Gd DPv compounds at 2 K.

The magnetic structures of the DDPv modifications of MNRMnSbOg have been determined from
NPD data collected at D20 (R = La and Pr) and WISH (R = Nd) instruments. The low temperature
magnetic structures of MnLaMnSbOs and MnPrMnSbOgs were characterised from the difference
patterns obtained from subtracting the diffractograms collected at 80 K and 1.7 K. The high intensity
of WISH data allowed the direct refinement of the data collected at 2 K for MNNdMnShOs oxide.
The patterns of these three compounds show similar magnetic reflections at low temperature but a
notable difference can be observed at 3 A < d < 6 A region, which can be compared in Figure 5.22:
there, a single peak appears for R = Pr but a doublet rises for R = La and Nd. These maxima have
been indexed with a propagation vector k = [0 0 0] as the (020) and (002) for La and Nd compounds
and the (020) for Pr. Therefore, both Mn?* and Pr3* spins must be confined to the z axis in
MnPrMnShQOg. On the other hand the magnetic intensity of both magnetic peaks in MnLaMnSbQOs
and MnNdMnShOg indicates that the spins must have a contribution along the x axis. However, under
this constraint they could be oriented either parallel to the x axis or confined to the xz / xy planes, as
the presence of a component along x already means the existence of a component perpendicular to
both y and z directions.
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Figure 5.22. Compared low temperature NPD data for MNRMnSbOs R = La, Pr and Nd DDPv
modifications focussed in the d = 3 A - 6 A region. The presence of both (020) and (002) magnetic
peaks is observed for R = La and Nd, while only the (020) is present in the R = Pr compound. The
asterisk identifies the main magnetic peak of the secondary MnO phase.

The symmetry analysis performed with Baslreps software [35] for P4./n space group and [0 0 0]
propagation vector yields a complex result including a number of different Ireps for each magnetic
site (Mna/a, Mng and R), which are summarised in the a) part of Tables 5.15 —5.17.

The Mnaa sites can follow six possible Ireps of individual Basis Vectors (BV), among which I'y, I's
and I';7 stand for a FM alignment of the spins along the z direction (I"1) and confined to the xy plane
(T's and I'7), while T's, T's and I's describe their AFM behaviour along the same orientations
respectively.

Table 5.15. a) Real (Bas R) and Imaginary (Bas I) components of the BV of the allowed Ireps for
Mnaa magnetic sites of the DDPv polymorph of MNRMnSbOs with propagation vector k = [0 0 0].
b) shows the recombined Ireps, where the imaginary components of I's, I's, I'7 and I's have been made
real.

2 Sy Irep |, T3 Taa Te T7s Tes
X, Y, Z
Bas R 004 200 200 004 200 200
Bas | 000 0-20 020 000 020 0-20
-y, x+1/2,2+1/2
Bas R 004 200 -200 00-4 200 -200
Bas | 000 0-20 0-20 000 020 020
b) Symm Irep I, [sp Lap Ie [z [ap
X, VY, Z
Bas R 004 400 400 004 0-40 000
Bas | 000 000 000 000 000 040
-y, X+1/2,2+1/2
Bas R 004 400 -400 00-4 0-40 000
Bas | 000 000 000 000 000 0-40

162



V.-Results and discussion: MNRMnShOs 3.-High pressure

Table 5.16. a) Real (Bas R) and Imaginary (Bas 1) components of the BV of the allowed Ireps for
MnB magnetic site of the DDPv polymorph of MNRMnSbOg¢ with propagation vector k = [0 0 0]. b)
shows the recombined Ireps, where the imaginary components of I's and I'7 have been made real.

=) Sy Irep r, Ta Ts T
X, ¥, 2
Bas R 200 020 002 200 020 002 200 020 002 200 020 002
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
-X+1/2, -y+1/2,z
Bas R -200 0-20 002 | 200 020 00-2 | -200 0-20 002 | 200 020 00-2
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
-y, X+1/2,2+1/2
Bas R 200 0-20 002 | 000 000 000 | -200 020 00-2 | 000 000 000
Bas | 000 000 000 | 0-20 200 00-2 | 000 000 000 | 020 -200 002
y+1/2,-x+1,z+1/2
Bas R -200 020 002 | 000 000 000 | 200 0-20 00-2 | 000 000 000
Bas | 000 000 000 | -200 020 002 | 000 000 000 | 020 -200 00-2
b) Symm Irep I [3p I's Iz
X, ¥, Z
Bas R 200 020 002 400 040 004 200 020 002 000 000 000
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
-X+1/2, -y+1/2,z
Bas R -200 0-20 002 | 400 040 00-4 | -200 0-20 002 | 000 000 000
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
-y, X+1/2,2+1/2
Bas R 200 0-20 002 | 000 000 000 | -200 020 00-2 | 0-4004000-4
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
y+1/2,-x+1,z+1/2
Bas R -200 020 002 | 000 000 000 | 200 0-20 00-2 | 0-40040004
Bas | 000 000 000 000 000 000 000 000 000 000 000 000

As shown in Table 5.16, Mng-site spins can be completely defined by four three dimensional Ireps
describing both their AFM alignment along the x (BV 1 of Ireps I'1 and T's), y (BV 2 of Ireps I'1 and
I's) and z axis (BV 3 of Ireps '3, I's and I'7) and their FM interactions along the z directions (BV 3 of
Irep I'1) and confined to the xy plane (BV 1 and 2 of Ireps I's and I'7).

Concerning the R magnetic site, the Ireps needed for its complete description (summarised in Table
5.17) are closely related to those detailed for the Mnaa sites. The main difference is that the higher
degree of freedom featuring R implies its higher multiplicity, what yields two noteworthy facts: i)
two additional Ireps are now needed to describe the AFM behaviour along the z axis and ii) the Ireps
describing the confinement of spins to the xy plane need a second BV.

In the a) part of all these Tables 5.15 — 5.17, some imaginary components are included. In order to
simplify these complex Ireps by combining them into different Ireps with only real component, Sarah
Representational Analysis software [36] was used to perform the symmetry analysis of these DDPv
polymorphs as explained in detail in Chapter IV. The resulting Iy, Ireps are summarised in the b) part
of the same tables.
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Table 5.17. a) Real (Bas R) and Imaginary (Bas 1) components of the BV of the allowed Ireps for R magnetic site of the DDPv polymorph of
MnRMnShOs with propagation vector k = [0 0 0]. b) shows the complete set of Ireps after the combination of I's+ I'; and I's+ I's Ireps, where the
imaginary components have been made real.

=) Svm Irep | I, Taa Tia Ts Ts T Teq
X, V,Z
Bas R 002 002 200 020 200 020 002 002 200 020 200 020
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
-y X+1/2,2+1/2
Bas R 002 002 000 000 000 000 00-2 00-2 000 000 000 000
Bas | 000 000 0-20 200 0-20 200 000 000 020 -200 020 -200
X, -y, -Z
Bas R 002 00-2 200 020 -200 0-20 002 00-2 200 020 -200 0-20
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
V, -X+1/2,z+1/2
Bas R 002 00-2 000 000 000 000 00-2 002 000 000 000 000
Bas | 000 000 0-20 200 020 -200 000 000 020 -200 0-20 200
b) Symm Irep I' I I'sp I'an Is T's I'7 Tao
X, Y, Z
Bas R 002 002 400 040 400 040 002 002 000 000 000 000
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
-y Xx+1/2,2+1/2
Bas R 002 002 000 000 000 000 00-2 00-2 0-40 040 0-40 040
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
X, =Y, -Z
Bas R 002 00-2 400 040 -400 0-40 002 00-2 000 000 000 000
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
V, -X+1/2,z+1/2
Bas R 002 00-2 000 000 000 000 00-2 002 0-40 040 040 0-40
Bas | 000 000 000 000 000 000 000 000 000 000 000 000
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The Rietveld refinement of the magnetic structures of MNRMnSbOs DDPvV polymorphs thus requires
the combination of all these I'1 — I's Ireps into a single matrix. In light of the magnetic susceptibility
and magnetisation measurements that point to the existence of a ferromagnetic component, the BV
which stand for AFM interactions can be excluded from this analysis. Therefore, only I'1, I'3, and I'7
are needed for the refinement of the Mna/a spins and BV 3 of I'y and BVs 1 and 2 of I'sp and I'7p can
fully describe both the R and Mng sites. The combination of these 13 BV can be summarised, as
shown in Table 5.18, into 5 basis functions (¥) where ¥, attempt to the alignment of the spins along
z direction and W, — Ws describe the confinement of the spins into the xy plane.

Therefore, the determination of these magnetic structures consider the refinement of ¥, for the NPD
data which only show the magnetic peaks arising from the order of the spins along the z direction, as
it is the case of the low temperature data of MnPrMnSbOs oxide. On the other hand, the combination
of ¥, and ¥s or ¥; and W, are needed to solve the orientation of spins along the x and y directions
respectively. In a similar manner, the confinement of the spins into the xz plane will be governed by
the combination of ¥1, ¥, and Ws basis functions. Note that Wsand ¥, are included in this matrix for
being co-Ireps of the related ¥, and ¥s, but their mandatory combination for introducing a component
along the y axis actually describe AFM orders, for which they can also be neglected.

Table 5.18. Recombined matrix including all the possible BV (in real components) of the allowed
FM lIreps for the three different magnetic sites (A = Mnaa, R and B = Mng) of the magnetic structures
of the DDPv polymorph of MNRMnSbOs¢ with propagation vector k= [0 0 0].

BF
Symm and site ke ¥e ¥s Wa s
A 001 100 0-10 - -
XY,z R 001 100 010 - -
B 001 100 010
A 001 100 0-10 - -
-y, X+1/2,2+1/2 R 001 . - 0-10 100
B 001 0-10 100
A _ _
X, <Y, -Z R 001 100 010 - -
B
A _ _
Y, -X+1/2,z+1/2 R 001 . - 0-10 100
B
A _ _
-X+1/2, -y+1/2,z R _ _
B 001 100 010
A _ _
y+1/2,-x+1,z+1/2 R _ _
B 001 - - 0-10 100
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Only Mn?* spins contribute to the MnLaMnSbOs magnetic behaviour, thus simplifying the
determination of its magnetic structure. As deduced from the diffraction patterns, the occurrence of
(020) and (002) reflections mean the localisation of the spins along the x direction or their
confinement to xy / xz planes. Since the basis vectors of Table 5.18 revealed an AFM behaviour of
the R and Mng sublattices along the y axis, the xy option can be discarded, so two single options are
left. These two possibilities were tested for the 1.7 K - 80 K NPD difference pattern: on the one hand,
the single spin contribution along the x axis was considered by refining ¥, and ¥s basis functions
(Rietveld fit shown in Figure 5.23a); afterwards, these bases were combined with an additional
component along the z direction through the use of ¥1, simulating by that the confinement of Mn?*
spins in the xz plane. The introduction of this additional component along the z axis was not found to
improve the refinement. Otherwise, this component could not converge to a detectable value, but it
amounts to ~ 0.6 (2) us, which would approximately turn the spins ~ 7° respect to the x axis with a
33% of relative error. Moreover, this inaccurate component does not significantly affect the magnetic
moment along x. On the other hand, Mn?* spins order FM within its sites but coupled AFM along the
X axis, as depicted in Figure 5.23b. The magnetic moments in the described magnetic structure
converge to 5.1 (1) pg / Mn?*,
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Figure 5.23. a) Rietveld refinement of the 1.7 K - 80 K difference pattern for NPD data collected at
D20 for MnLaMnSbOe. The asterisk highlights the ain magnetic peak of the MnO secondary phase.
b) Magnetic structure of determined for MnLaMnSbOs from a). Purple arrows schematise the Mng-
site spins and the green and grey ones do for Mna and Mna respectively. Orange spheres stand for
La3* cations and the blue ones for Sb%*.
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The refinement of the difference pattern of NPD data collected at 80 K and at 1.7 K at D20 for
MnPrMnShOg (Figure 5.24a - top) was performed using ¥ for the three different magnetic sites since
all the spins must be parallel to the z axis. Figure 5.24b shows a portion of the magnetic structure,
where FM Mnaa moments are opposite to those of Mng cations along the z axis. On the other hand,
Pr moments are parallel to Mng spins thus originating a net FM component. The refined magnetic
moments amount to 5.0 (1) us for Mn?* cations and to 2.2 (1) ug for Pr* spins. The refinement of the
complete set of NPD data collected at different temperatures in a sequential mode allowed the study
of the thermal evolution of the magnetic moments. The resulting values of the magnetic moments,
shown in Figure 5.24a-bottom, gradually increase upon cooling down to 1.7 K below Tn.
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Figure 5.24. a) Rietveld refinement of the 1.7 K - 80 K difference pattern for NPD data collected at
D20 for MnPrMnShOs(top) and thermal evolution of the magnetic moments (bottom). b) Magnetic
structure of MnPrMnSbOs Determined from a). The same colour code used in Figure 5.23 is used
here. The introduction of a paramagnetic rare earth gives rise to a net FM (orange arrows)
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The determination of the magnetic structure of MNNdMnSbOs and its thermal evolution were
performed in terms of high resolution NPD data collected at WISH instrument at different
temperatures. As it has been pointed out before, the low temperature data show a similar profile to
that of the related MnLaMnSbOs oxide, showing the (020) and (002) reflections. However, the
diffraction pattern collected at 60 K shows the presence of a single magnetic peak in the 3.9 A -3.95
A region, as observed in the MnPrMnSbOs compound: the thermal evolution of this reflection is
highlighted with an arrow in Figure 5.25a at 200 K (top, non-magnetic phase), 60 K (middle) and 2
K (bottom).

In order to determine the magnetic structures of this compound, we have first performed the Rietveld
refinement of the NPD data collected at 60 K. Using the magnetic structure of MnPrMnSbOs as
starting model the magnetic intensities quickly fit thus revealing the orientation of the magnetic
moments of Mn?* cations parallel to the z axis. Otherwise, Nd** spins do not order at this temperature,
so the magnetic structure of MNNdMnShOgs at 60 K, shown in Figure 5.25b-top, can be described by
the AFM coupling of Mnaa and Mng sublattices. Further NPD measurements performed at low
temperatures showed the evolution of the (020) reflection, which progressively splits into two peaks.
Figure 5.25c-left shows the superimposed NPD profiles collected at 80 K (red), 60 K (orange), 40 K
(black) and 2 K (blue) focussed in the 3.85 A < d < 4.05 A range. There, the (020) reflection can be
observed to increase in intensity down to 40 K. At this temperature, it has already reached its
maximum intensity and the (002) peak has started to grow. Upon cooling down to 2 K, the (002)
reflection becomes more intense, while the (020) one decreases back. As pointed out in Chapter IlI,
the occurrence of consecutive magnetic transitions upon cooling is a sign of the development of spin
reorientation transitions. The evidence of a spin reorientation from the described thermal evolution
of the (020) and (002) magnetic reflections, motivated the Rietveld refinement of the diffraction
pattern collected at 40 K, revealing a magnetic moment along the z axis and a perpendicular
component along the x axis. These values are depicted in the right panel of Figure 5.25c, where the
left axis shows the independent x (ux) or z (uz) contributions of the magnetic moments and the right
axis indicates the net angle of Mn?* spins respect to the z axis. In order to satisfy the magnetic
reflections observed at 2 K, Mn spins must rotate towards the x axis, giving rise to a magnetic structure
similar to that observed for MnLaMnSbOs compound. Therefore, the Rietveld refinement of the data
collected at 2 K, depicted in Figure 5.25a-bottom, considered ¥ basis function for Mnaa: sites and
¥, and Ws bases for Mng and Nd magnetic sites. Consequently, the resulting magnetic structure,
depicted in Figure 5.25b-bottom, shows all the spins aligned along the x axis, where Mn?* spins
amount to ~ 4.4 (1) pg and those of Nd* to ~ 1.1 (1) us. Therefore, the order of Nd below T in the
perpendicular direction to that adopted by Mn?* is the responsible for the spin reorientation observed
in this compound.
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Figure 5.25. a) Rietveld refinements of NPD data collected at WISH instrument for MNnNdMnSbQOs
at 200 K (top), 60 K (middle) and 2 K (bottom). b) Magnetic structures of MnNdMnShOQOs at 60 K
(top) and 2 K (bottom). c¢) Superposition of the NPD patterns collected at 80 K, 60 K, 40 K and 2K

focused in the 3.9 A < d < 3.95 A region (left) and thermal evolution of the magnetic moments and
their orientation (right).
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The different orientation of the spins along x or z directions for these MNRMnSbOs oxides is own to
the rare earth anisotropy. The magnetic anisotropy of R3* cations is well known to favour either oblate
or prolate charge clouds depending on the sign of the so-called second order Stevens coefficient (ay):
ay > 0 induces a prolate charge cloud which favours the orientation of spins parallel to the z axis,
whereas oy < 0 stands for an oblate cloud supporting the confinement of the spins to the xy plane; oy
= 0 does not induce any anisotropic behaviour, thus being associated to the spherical symmetry [37].

As a consequence, the easy magnetisation direction for a given rare earth element in hexagonal or
tetragonal crystal structures is parallel or perpendicular to the c axis, usually attending this criterion.
However, the interaction of this charge cloud of the 4f electrons with the electrostatic field of the ions
surrounding the rare earth site can also produce a strong crystal field induced anisotropy. This effect
depends on the nature of the electrostatic field associated to the point symmetry of the R-site in the
hosting structure, i.e. in the crystallographic arrangement of atoms surrounding R, which in tetragonal
structures such as that of the DDPv polymorphs of MNnRMnSbOs oxides is defined by the second
order crystal field parameter (V2°). Therefore, the relative strength of this factor (V2°) respect to the
specific property of the rare earth (ay) determines the sign and magnitude of the uniaxial anisotropy
constant (K1) through equation Eq.14:

K, = —gaJVZO(r4f Flga,? - 3(3 +1)] Eq.14

where 14 is the ionic radii of the rare earth element and J and J; are the crystal field splittings at room
temperature and at zero temperature respectively. The energy of a given spin state is directly related
to K1 and to the sine of the angle existent between the orientation of the spin and the z direction.

The crystal field effect on the R** cations induces the splitting of its energetic states, which population
is governed by Boltzmann statistics. Therefore, an R site subjected to a strong crystal field is often
related to a thermally stable spin state (that favoured by the compromise between a; and V-°).
Otherwise, R sites under weak crystal fields have various states close in energy, which results in a
larger temperature dependence of the net anisotropy. As a consequence, R** cations located at
crystallographic sites with low crystal field effects may be expected to exhibit a reorientation of their
easy magnetisation direction upon cooling down the sample. In this context, it is notable the case of
R-Fe-B magnets (e.g. Nd2Fe14B), which often show spin-flop transitions at low temperatures and /or
under high applied magnetic fields [38—40].

In the case of the DDPv structures of MNRMnSbOs compounds, three different magnetic behaviours
have been found upon substituting R for different rare earths. The La containing compound does not
show any anisotropic behaviour, according to the oy = 0 coefficient of La. There, both Mn?* sublattices
(that constituted by A / A’ cations and that of B sites) align antiparallel to each other, as any d°-d°
superexchange correlations favours AFM interactions.

The substitution of La by Pr originates a completely different behaviour. The first remarkable
difference is actually the ordering temperature, which rises up near twice as large as that of
MnLaMnSbOs.

Pr3* cations are commonly found to exhibit large crystal field effects usually overcoming their small
oblate-type anisotropy [41], which justifies the observed magnetic structure of MnPrMnShQg: the
strong crystal field may induce a large splitting of the energetic states resulting in the localisation of
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the 4f2 electrons in two atomic orbitals which symmetries may only be allow their interaction with B-
site cations through the z axis. As a consequence, the easy magnetisation direction of Pr turns parallel
to z and the strong coupling between 3d and 4f electrons orient Mn?* sublattices in the perpendicular
direction to that observed for the related MnLaMnSbOs oxide.

Further substituting La by Nd** cations, the strong anisotropy of this rare earth overcomes the crystal
field splitting, what induces the explained thermal dependence of the anisotropy thus resulting in the
expected spin reorientation. In this particular case, Mn?* sublattices order along z at lower Ty, due to
the re-divergent tilt angles; cooling the sample below Tn2 induces their strong interaction with the
rare earth, which strong oblate anisotropy originates the observed spin reorientation.
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The Mn;MSbOs (M = Cr, Fe and R- Rare earth element) family of oxides has been studied. Their
synthesis under different pressure conditions has provided access to different polymorphs, which
structural characterisation in terms X-ray and neutron diffraction techniques revealed the coherent
evolution of the structural features as a function of the M3 cation size. Moreover, the relation
between these structural features and the magnetic properties has been established through the
compared magnetic behaviour of the isostructural compounds with different compositions. The
main conclusions arising from the obtained results are summarised as follows:

- The relatively small ionic radius of Mn2* requires high pressures to be stabilised at
highly coordinated crystallographic sites. However, the introduction of the much larger R®*
lanthanide cations, which necessarily locates at the biggest cation position thus mixing with Mn,
increases the averaged ionic radii of the A-site cations. This feature has allowed the preparation
of a new series of compounds with pyrochlore structure at room pressure conditions 1523 K. The
discussed low stability of Mn?* at the large A sites of this structure has been found to originate an
unexpected stoichiometry, determined as MnggsR134MngesSb13407. It is notable that this
composition hosts the highest proportion of Mn?* at the A site of a non-deficient A,B,0;
pyrochlore derivative up to date (33%). It is also interesting that these compounds are extremely
stable under heat, pressure, oxidising and even reducing environments.

The well-known geometric frustration of the tetrahedral lattice adopted by the pyrochlore
structure coupled to the mixed 2+ and 3+ oxidation state of Mn and the presence of rare earth
elements, gives rise to strongly frustrated magnetic systems. As a consequence, exotic magnetic
properties are observed in these compounds, including spin-glass behaviour and a large
magnetocaloric effect which rises up to 20.7 J /K kg for the R = Gd containing compound.

- On the other hand, the substitution of M by smaller transition metals does only originate
a Mn,;MShOs room pressure polymorph in the case of M = Sc. This room pressure phase is

centrosymmetric (RI_%) with disordered cations into a single crystallographic position and do not
show any long-range magnetic interactions. Although the use of smaller 3d" transition metals do
not originate any room pressure polymorph, but the thermal treatment only yields a mixture of
undesired oxides, the synthesis of these Mn:MShOs under high pressure and high temperature
conditions leads to the isolation of various polymorphs.

- Corundum derivatives are stabilised under moderate pressure conditions, i.e. 3 GPa -5
GPa. Among them, different ordered derivatives have been characterised depending on the
relative size and charge mismatches of the involved cations. In this context, ilmenite-type

structures (RI_%) are formed for M = Cr and Fe. These compounds show alternated layers
constituted by Mn and disordered M/Sh octahedra. The complex nature of the magnetic
interactions in this structure includes direct and superexchange correlations between Mn-Mn, M-
M and Mn-M. The competition of some of these interactions, which are all favoured to be AFM,
originate the appearance of incommensurate helical magnetic structures below Ty ~ 60 K and Tn
~ 260 K in the case of M = Cr and Fe respectively. It is worth noting that, although the small
value of the propagation vector of ILO_Mn2FeShO6 (x = [0 0 0.07]) prevented its determination
down to relatively low temperatures (Tnz ~ 55 K), the large frustration of these systems has been
found to induce the thermal dependence of the propagation vector of ILO_Mn,CrSbOs, which
varies from kur = [0 0 0.46] to k.t = [0 0 0.54].

- Upon substituting M by the larger Sc3* cation an additional cationic order is induced,
thus crystallising with the NisTeOe-type structure (R3), where the alternated (00z) layers are
constituted by ordered Mn/Sc and Mn/Sh. The further cationic order in this corundum derivative
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breaks the inversion symmetry, for which the uncompensated puckering of the cations induces a
spontaneous polarisation, estimated in 28.3 pC/cm?. An unexpected net FM component has been
found in this compound to arise below Ty ~ 42 K from an unusual site-selective antisite disorder
(12.3%), what coupled to the mentioned polarisation turns this compound into a potential
multiferroic material.

- It is also worth noting that the long-range centrosymmetric ilmenite polymorphs can
also be expected to break the local symmetry under an applied magnetic field coupled to the
development of a helical magnetic structure. This possibility, which unfortunately has not been
studied along this dissertation, could imply the finding of multiferroicity of spin origin. This
potential multifunctionality, achievable at unprecented temperatures in the case of the
ferrimagnetic Mn2FeSbOs compound (Tn ~ 260 K), could set the basis for a new pathway in the
search for multifunctional materials.

- The synthesis of Mn.MSbQOs under higher pressure conditions (8 GPa — 13 GPa) induces
the crystallisation of perovskite derivative polymorphs. These compounds show conventional B-
site rock-salt ordered double perovskite structures for M = Cr, Fe, Sc, Eu and Gd. The substitution
of M for larger rare earths has been found to stabilise a new type of doubly ordered perovskite
derivative combining the rock-salt order of Mn?* and Sb°* at the B sites with an unusual columnar
order of Mn?" and R®" at the A sites. Moreover, it is worth noting that these MNRMnSbOs (R =
La, Pr, Nd, Sm) are not only the first double — double — perovskites showing this type of combined
order but also five independent cation sites, three of them occupied by Mn in tetrahedral, square
planar and octahedral coordinations.

- Regarding the magnetic properties and the magnetic structures of these high pressure
polymorphs, both simple and complex behaviours have been determined as a function of the
nature of the substituted M3* cation. In this context, the 3d° Sc* has allowed to determine the
magnetic behaviour of the Mn?* sublattice, which shows simple AFM interactions below Ty ~ 23
K. A similar AFM behaviour is observed for the M = Cr oxide below Ty ~ 60 K, where the
combination of two AFM sublattices originates a small canting of the spins. The introduction of
two extra electrons in M = Fe allows not only the AFM interactions observed for Mn,ScShOs and
Mn,CrSbOs but FM superexchange correlations are also permitted via pc exchange below T ~
160 K. The coexistence of these two competing interactions similar in strength but opposite in
sign originates a magnetic frustration which translates into the development of an
incommensurate helical magnetic structure below the ordering temperature Ty ~ 55 K.

- The introduction of lanthanide cations has been observed to induce complex magnetic
behaviours attending to the magnetic anisotropy of the rare earths. The magnetic structures of the
new MnRMnSbOg (R = La, Pr and Nd) have been determined from neutron diffraction. All of
them show collinear structures with two opposed ferromagnetic Mn?* sublattices and the spins of
the paramagnetic R3* cations aligned parallel to one of them. Surprisingly, a spin reorientation
process has been found for MNNdMnSbOg but not for MnPrMnShQOs. This difference is assigned
to the competition between the magnetic anisotropy of R**, which induces the spin reorientation
inthe case of R=Nd at T <42 K, and their crystal field effect, which large value masks the small
anisotropy of R = Pr already coupled to the Mn?* sublattice at ~ 62 K.
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Appendix I.- Determination of tilt angles in DPv and DDPv polymorphs.

It was pointed out in Chapter Il that the tilt angles determined for all the DPv and DDPv
polymorphs studied in this project are determined from the half difference between the
experimental < B - O - B' > angles through different O sites and their ideal 180° value. Provided
that the tilt systems can be very complex, combining both in-phase and out-of-phase distortions
of different magnitudes along each crystallographic direction [1], this calculation method may
look extremely simplified. For instance, it is worthwhile to highlight that the cooperative
octahedral rotation strictly defining the tilt angles is related to three pseudo-cubic axes, namely
[001]c (), [110]c (0) and [111]c (@) [2]. However, a single tilt value (¢) is often reported for
conventional DPv structures. Although this approach has traditionally been used for determining
tilt angles of orthorrombic and monoclinic perovskites [3,4], different methods could yield either
more accurate tilt angles or acceptable values through a more pleasant process. Consequently,
their reliability are now discussed and tested.

Therefore, the main aims of this appendix are to set the structural features which can be used to
calculate the tilt angles, discuss the different methods arising from those features and compare
the effectiveness of all of them. With this purpose, a general view of the perovskite structure is
first considered, with no dependence on the different cationic orders or the aac* vs. a*a'c tilt
systems achieved in DPv and DDPv polymorphs respectively.

In this context, since the three described tilt angles are related through structural parameters, all
of them can be calculated from i) lattice dimensions, ii) bond angles and iii) the relation between
atomic positions. Along this appendix, these three methods are detailed and the reliability of their
results is discussed and compared from a generalised point of view, so that the conclusions arising
from this discussion are valid for all the DPv and DDPv polymorphs. Further discussion on the
particular tilt angles of Mn,MSbQOs DPv and MNnRMnShOs DDPV structures studied in this work
is detailed in chapters Il - V.

i) As a first attempt to check the magnitude of these tilt angles, the relation among the
lattice parameters (see equations Eq.15-Eq.17) is the easiest and the most direct determination, as
only a profile fit of diffraction data should be enough to calculate them. However, it is notable
that this method only considers the cell dimensions but not the atomic coordinates, in contrast
with the other two methods, which consider the relative location of cations and anions into the
unit cell. For this reason, the tilt angles determined from the use of these equations are less
accurate, as widely demonstrated for diverse orthorrombic Pbnm perovskites [2], and are not
always consistent with those determined through the other two methods, as it is the case of the
highly distorted DPv structures studied in chapters 11l and 1V.

a* 2

a2
cos¢—i Eq.15; cos@——quG COSCD——E 17
c b bc

ii) The second method determines the cooperative tilting of two corner-sharing octahedra
(BOs and B'Og), which are connected through an oxygen atom (O,). For the ideal cubic perovskite
B- and B'- site cations, which are occupied by undistinguishable elements, are perfectly aligned
through a single intermediate O atom along the three crystallographic directions, resulting in ideal
angles of 180°. On the other hand, the geometric distortion of this cubic structure arising either
from atomic displacements or from B / B' cation order, deviates the octahedral tilting angle from
this ideal value. The difference between the ideal and the experimental < B - O, - B' > angles is
the sum of both BOg and B'Os octahedral deviations (see Figure Al.1a). However, the mere < B
- On - B' > angle does not distinguish among the different deviations of B and B' cations from
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their ideal sites, but a unigue value is obtained for their combination. Therefore, 180° - <B - O, -
B' > is mathematically approximated to the double product of equally tilted BOs and B'Og
octahedra, i.e., it is considered twice as large as the individual octahedron tilt about the studied
direction, as indicated in equation 2. The accuracy of the so-calculated tilt angles is better than
that of method i), but no differences can still be set for the different types of octahedra through
this method. Therefore, equation 2 is ideally suited for B-site disordered perovskites or when
similar tilts are expected for both BOs and B'Os octahedra, e.g., conventional orthorrombic Pbnm
perovskites.

180°-<B-0-B'>

/ 2

Eq.4

iii) The determination of independent displacements of each oxygen atom (O,) from their
ideal positions provides the most precise values of the octahedral rotations. The global equation
for an isolated polyhedron can be deduced through classical trigonometry: ¢ angle is schematised
in Figure Al.1b, where it is highlighted in red as the angle formed between the theoretical (th.)
and the experimentally observed (exp.) B - O bonds. These bonds can be determined from
vectorial calculation as the difference between B and each of the O positions (Ow. and Oexp.).
Applying basic trigonometry to the triangle enclosed by (B-O)w., (B-O)exp. and (Om-Oexp), the
general expression for equation Eq.25 is deduced straightforward:

The first approximation needed is the relation between the theoretical and the experimental B-O
distances. Provided that the theoretical value, determined from the sum of the B and O ionic radii,
is commonly used as the top limit to define whether B and O are bonded or not, it is reasonable
that the enlargement of this theoretical value is not possible. However, from a mathematical point
of view the theoretical to experimental shortening can also be thought of as its negative
elongation. This approximation allows a simple generalisation of the tilt angle depicted in Figure
Al.lc.

b) On )

- ;< dOth-Oexp.

\

al O,

Figure 3.2.Schematic views of the tilt angles as determined through methods ii and iii: a) depicts
a common ¢ for BOs and B'Os octahedra while b) and ¢) the independent tilt for an individual
polyhedron. The trigonometric relations between the ¢ tilt angle and the atomic positions of a B-
site cation bonded to an O anion is generalised in c) for any Pv derivative (see text for details).
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There, using trigonometry one can define the height (h) of the B O Oeyp. triangle as the distance
which joins (B-O)exp. and Owm. under a 90° angle. Note that the so-called x segment is the
mathematical parameter which will be negative under the shortening of the experimental B-O
bond length. The sine and cosine of ¢ (tilt angle) and a (the other acute angle) are defined through
equations bla-bla.

. h . h
sinfg)= Eqi8;sin(fe)- _ _ Eql9
d(B-0y) d(Oy. - Opy.)
d (B - Oex ) —X X
cos(g) = P Eq.20; cos(a) = ————— Eq.21
d (B - Oth.) d (Oth. - Oexp.)

Since both h and x are constants, these four equations can be simplified into two:

sin() *d(B —0,,) =sin(@) *d(0,, —O,,,) Eq22
d (B - Oexp.) - [COS(¢) *d (B - Oth.)] = COS(O{) *d (Oth. - Oexp.) Eq.23

The theoretical and experimental B-O bond distances are known values and the O -Oeyp. distance
can also be determined from the relation between the expected O position and the real one
determined from the Rietveld fit of the high resolution NPD data. Therefore, equations Eg.22 and
EQ.23 constitute a system of two equations with two unknown parameters (¢ and a). The
trigonometric relation between sine and cosine (sin? (a) + cos? (a)) = 1) allows the expression of
Eq.24 equation in terms of sin (a) and sin (¢) as:

d(B-0,,)- [ 1=sin*(#) Jrd(B-0,)]= (1-sin’(=) J<d(0, —O,,,) Eq.24

Using Eq.22 to substitute sin (o) into EQ.24 equation and operating the resulting expression in
subsequent steps we can finally express ¢ in terms of the three known parameters in equation
Eq.25:

2 i *d(B-0, i *
4(B-0,,) -l 1=sin’(9) a(e-0,)]- Jl[s'”éfém(o%) ’j 40, ~O,y)
dZ(B—OeXp_)+[(1—Sin2(¢))*d2(5—Om.)]—z*ld(B—Oexp_)*d(B—Om_)*x/l—Sinz(¢)J=

| ,_[sin@)*a(-0,)
- d (Oth. - Oexp.)

2
] *d*(0y, -0,

d2(B-0,,)+d*(B-0,)-sin’(4)*d*(B-0,) -2*d(B-0,,,) *d(B-0,)*/1-sin’(¢) =
—d%(0,, -O,,)—(sin*(¢)*d*(B-0,))
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d%(B~0,,)+d%(B~0,)~d*(0, ~0,,)=2*d(B~0,,)*d(B~0,)*[L-sin(y)

d*(B-0,,)+d*(B-0,)-d* (0, -

2
Oexp.)
Eq.25
2*d (B _Oexp.)*d(B _Oth.)

sin®(g) =1—

Equation EQ.25 relates the tilt angle along a given direction with the expected and real atomic
positions. The described mathematical approximations make it applicable for both the axial
direction and the equatorial plane of the octahedron. Therefore, both ¢ and 6 angles can be
determined from equation Eq.25.

It is worth noting that the symmetry restraints of a conventional rock-salt ordered P2:/n DPv
structure locate B and B’ sites at fixed special positions, which also happens for B-site disordered
orthorhombic perovskites and for the complex DDPv structures described in chapter V.
Nevertheless, the use of equation Eqg.25 must be carefully considered for perovskites crystallising
with different symmetries, as each space group localises B, B' and O atoms in different positions.
For instance, the equatorial tilt angle (0) may be differently defined whether directly through one
single type of O atom (e.g., in the orthorhombic perovskites) or through two different O, sites
(e.g., tetragonal or monoclinic double perovskites) as the average of two related 6, values. In this
context, note that the name of the axial and equatorial oxygen positions used in the Mn,MShOs
and MnRMnShOg monoclinic DPv and tetragonal DDPv derivatives in chapters I11-V is different:
¢ angle is defined by O1 or O3 sites for DDPv and DPv polymorphs respectively, and 6 angle is
defined by the averaged 6, and 63 angles independently determined through O2 and O3 sites for
the DDPv derivative, while 01 and 6, angles calculated through O1 and O2 sites are averaged for
the determination of the equatorial 6 tilt angle in the conventional DPv polymorphs.

The three described calculation methods have been used for the determination of the tilt angles of
Mn,CrSbOs DPv polymorph in chapter I1l, in order to compare their reliability. The conclusion
arising from those results is that method i) yields diverging results compared to the other two
methods. Therefore, as expected it is the worst option, though it provides a tentative magnitude
from simple calculations using the lattice parameters, which are accessible from a profile fit. The
advantage of the third method is that it provides independent values for both ¢ and 9 tilt angles
for each type of B / B' sites. This method is the most adequate for complex perovskite derivatives
where BOg and B'Os are expected to have very different rotations. For this reason, the independent
tilt angles of Mn?* and Sb®* are discussed in chapter V for the MnRMnShOg DDPv polymorphs.
However, in the case of the monoclinic DPv structures, where both octahedra are rotated under
similar angles, method ii) is discussed to be the best option. It results in similar values than those
obtained from the most accurate method iii), which determination is tougher: the use of equation
Eq.25 requires the previous calculation of some parameters, including not only the experimental
B-O length but also its expected value and the vectorial relation between each of the ideal and
real oxygen positions; on the other hand, the tilt determination from method ii) only requires to
know the averaged < B - O - B' > angle for applying equation Eq.4
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Apendix Il.- Magnetic interactions in ordered corundum derivatives.

The magnetic behaviour of the studied ordered corundum derivatives ILO_ Mn,;MSbOs (M =
Cr, Fe) and NTO_Mn,ScShOs were discussed in chapters Il and 1V respectively. The use of
NPD revealed their complex magnetic structures below their respective ordering temperatures.
Among these complex structures incommensurate helical spin arrangements and temperature
dependent propagation vectors have been found in these ilmenites. The origin of these complex
behaviours is explained in terms of the coexistence of competing interactions similar in strength
but opposed in sign, giving rise to geometrically frustrated lattices.

The origin of these magnetic behaviours is explained in terms of the wide number of different
magnetic interaction paths. A general view of these coexistent interactions can be described
from the orbital orientations and their possible interactions. Figure A2.1 shows the four different
connexions between the four possible cation sites (which stand for a maximum of four magnetic
sites). Two main types of magnetic interactions can be distinguished with no dependence on the
nature of the cations that occupy each site: the so-called interlayer interactions (upper panel in
Figure A2.1), which take place between face- or corner-sharing octahedra of consecutive (00z)
layers, and the so-called intralayer interactions (bottom panel), which develop between two
cations located into edge-sharing octahedra within a (00z) layer. It is worth noting that the
scheme in Figure A2.1 exemplifies these interactions into an ILO structure, since the simplest
1:1 cation order is considered to occur into parallel A and B (00z) layers. However, this basic
model can be used to understand the magnetic correlations of different ordered corundum
derivatives, where the maintenance of a common anionic packing can be considered the parental
structure and the different cationic arrangements will give rise to interactions of different
natures (FM vs. AFM) and/or strengths, what will govern the magnetic behaviour of each
compound.

In order to understand the discussed interactions, the first step is to identify them in terms of the
orbital overlapping. The scope of this Appendix is therefore to set where do the interacting
orbitals point, how do they interact and which is the origin of the observed functional evolution.

Regarding this objective, it is worthwhile to remind that the atomic orbitals are split in an
octahedral environment into a more stable triply degenerate tyy level and a less stable doubly
degenerate ey one, as a result of the crystal field. This splitting induces the orientation of the eq
(d-? and d,2 %) orbitals towards the oxide anions, so that the four M-O bonds constituting the
equatorial plane of the octahedron arise from the M d,2.,? - O p orbital overlapping and the two
axial M-O bonds are formed by the interacting M d.? and O p orbitals.

The corundum parental structure is usually described as an hexagonal closed packing of anions
with 2/3 of the octahedral sites occupied by cations so that two consecutive occupied octahedral
voids share an edge within the (00z) layer and a face along the z axis. The cationic orbitals into
those octahedra are oriented, taking into account the discussed crystal field effect, as depicted in
Figure A2.1. Two types of connections arise from this anionic array for both intralayer and
interlayer interactions. One octahedron is connected to another one from the next (00z) layer
through face sharing, which is the nearest neighbour, and to a next nearest neighbour via corner
sharing. Concerning the interactions within a common (00z) layer, an octahedron is connected
to another three by sharing edges: two of them are oblique edges, which connect the axial
oxygen of the octahedra with one of the equatorial plane, while the third one is one of the four
edges describing the equatorial plane of the octahedra.

Attending to this classification, the interactions depicted in Figure A2.1 are divided into four
quadrants, organised in the same order from the top-left panel to the bottom-right one. Each of
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these panels schematises both superexchange interactions through oxygen and direct cation-
cation interactions when present.

Face sharing octahedra

Corner sharing octahedra

Superexchange Direct Superexchange

M-0O-Mn M - Mn M-0O-Mn
o
>
<
—]
o
[
F
Z.
[

d2-0-ds o7
dKZ_ 2_ O _ dxz 2 -
Y =y dyz- dyz
Oblique edge Equatorial edge
sharing octahedra sharing octahedra
Superexchange M-O-M / Mn-O-Mn |Superexchange M-O-M / Mn-O-Mn
a4
>
2

E dXZ-y " O . dx2_y2
< |
a4 Direct M - M / Mn - Mn
= : :
Z

Figure A2.1. Interlayer (up) and intralayer (bottom) connections between all the possible
magnetic sites into a corundum derivative structure, where the term layer stands for (00z) basal
planes. Both superexchange and direct cation-cation interactions are schematised. The former
occur via eq-p(0)-g4 d.? (yellow) and / or d,.,? (orange) orbitals while the latter imply tag-tog Oxy

(green), dx; (grey) or dy, (pink) direct orbital overlap.
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In the ILO type structure, where cations order into alternated (00z) layers, A and B magnetic
sublattices are ruled by the so-called intralayer interactions. The interlayer interactions dictate
how these sublattices are coupled among them. The magnetic behaviour of both
ILO_Mn:MSbOs (M = Cr, Fe) polymorphs can thus be explained from these set of interactions.

The magnetic interaction between Mn?* (purple) and M** (blue) cations through face-sharing
octahedra can be expected to occur via superexchange or direct exchange mechanisms, as both
have connected pathways through properly oriented atomic orbitals. As observed in the upper-
left panel of Figure A2.1, their indirect correlation via cation-anion-cation superexchange is
accessible through three possible paths involving the eq-e4 electron delocalisation. The d,?
(yellow) and the d2-y? (orange) orbitals of both M and Mn can interact through the mediation of
a p-oxygen orbital. This Mn (3d°)-M interaction at ~ 90° angle, is expected to be AFM for both
M = Cr® (3d®) and Fe®** (3d°) [1]. The empty eq orbitals of Cr3* (3d®) make this interaction weak
for ILO_ Mn,CrSbOQs.

Otherwise, the half-filled toq orbitals favouring the direct Mn-M magnetic interaction via dyy-Oxy
(green) dy.-dx; (grey) and dy.-dy, (pink) direct overlapping originates the AFM coupling of both
M = Cr¥ and Fe** cations with the Mn?* sublattice with similar strengths. The direct orbital
overlapping of the two interacting cations is much stronger than their superexchange
interactions. Therefore, the global interlayer interaction operative in both compounds is the
antiparallel orientation of Mn?" and M?* sublattices ruled by their direct relation. The similar
sign of both superexchange and direct interactions is cooperative in both cases, which justifies
the 200 K decrease observed for the ILO_Mn,CrSbOs ordering temperature respect to that of
the isostructural Fe containing compound, according to the weak Mn-O-Cr superexchange
interaction.

An additional interlayer interaction is further developed between corner-sharing octahedra. As
depicted in the upper-right panel of Figure A2.1, these two octahedral sites are released to show
superexchange interactions through their single connecting oxygen. Since the M-O bonds which
define these interactions are constructed on ey metallic orbitals partially overlapping with the p
orbitals of oxygen at <Mn -0 - M >~ 120°angle (119.1 (1) ° and 118.4 (1) ° for M = Cr and Fe
respectively), these Mn-M interactions are much weaker and can be considered even negligible
compared to those occurring between face-sharing octahedra, especially in the case of M = Cr®*.
However, the discussed structural features would favour an AFM behaviour, in agreement with
the ruling cation-cation interactions between face-sharing octahedra [2].

The magnetic interactions ruling the magnetic behaviour of each sublattice are depicted in the
bottom of Figure A2.1. As advanced, the magnetic nuclei within a lattice are connected through
edge-sharing octahedra, among which two types of edges can be distinguished: on the left-hand
side of the figure superexchange and direct cation-cation exchange interactions are schematised
for the oblique edge-sharing octahedra. A similar scheme is depicted on the right-hand side of
the figure for equatorial edge-sharing octahedra.

Both indirect interactions through oxygen involve eq d,? - dx?-? or dy’-? - dx?-,? orbitals. These
interactions, which occur through the p oxygen orbitals via ~ 90° angles are AFM in nature for
both Mn?* and M3* sublattices. It is notable that these indirect exchanges, along with the direct
ones, are diluted in the M3 sublattices as a consequence of the cationic disorder of the
paramagnetic 3d" M3* and the diamagnetic 3d'° Sb°* into a common atomic position. Moreover,
the accurate < M - O - M > angles which determine the superexchange correlation of nearest
neighbour M3 spins are 98.2 (3)° and 98.0 (2)° for M = Cr and Fe compounds respectively
These angles are less favorable than those observed for < Mn - O - Mn > in the Mn?* sublattice,
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89.1 (2)° and 90.3 (2)° in the M = Cr and Fe compounds respectively, which are closer to the
ideal 90° ruling the AFM behaviour.

On the other hand, as discussed for the interlayer interactions, the superexchange correlations
are weaker than the direct cation-cation interactions. In the intralayer case, these interactions
involve dy-dyx, and dxy-dyy tog Orbitals, which are half-filled for the three Mn?*, Cr®* and Fe*
cations. This feature makes these interactions relatively strong, which in principle should
originate the AFM ordering of both magnetic sublattices in these ILO structures.

Therefore, the detailed mechanisms stand for the AFM behaviour of both magnetic sublattices
and their AFM coupling through all the possible interacting pathways. However, it is worth
noting that the cationic distribution into the parent corundum structure cannot satisfy the
antiparallel alignment of the spins in all the cationic sites. This incompatibility arises from the
geometrical frustration schematised in Figure A2.2.

On the one hand, the rhombohedral arrangement of these structures originates hexagonal lattices
into (00z) layers, where the centre of each hexagon is an empty octahedron. The AFM
behaviour of a single layer is accessible, as depicted in Figure A2.2a, due to the vacant
positions. For instance, simple ilmenites such as MnTiOs, where the magnetic sites locate at a
single (00z) layer, are reported in the literature to show AFM collinear structures . However, the
expected combination of two AFM sublattices stacked along the z axis is not possible under this
geometry. A similar scheme superimposes in Figure A.2.2b three consecutive (00z) layers, two
of them (black and blue ones) belong to the A magnetic sublattice and the intermediate one (red)
represents the B magnetic sublattice. The three of them consider AFM intralayer interactions, as
those of Figure A2.2.a, and are oriented so that all face-sharing A-B octahedra are AFM. It is
this strong interlayer interaction which determines the competition between AFM and FM
couplings of similar strengths between A- and B-site corner-sharing octahedra: even though the
detailed orbital symmetry favours the cooperative AFM coupling, the described hexagonal
geometry necessarily involves the parallel orientation of a B-site spin respect to three alternated
corner-sharing A-site spins of each neighbouring (00z) layer. Since all the cationic positions
within a layer are undistinguishable in a ILO-type structure, their coexistent FM and AFM
alignments to the next magnetic sublattice is geometrically frustrated.

a) b) \ Eﬁ Ell

R

N\

Figure A2.2. a) Scheme showing an AFM order of spins within a (00z) layer in a corundum-
related structure. b) shows the superposition of three consecutive AFM layers as that depicted in
a). The intermediate (red) layer is constituted by B-site spins while those on top of and below it
(blue and black respectively) constitute the A-site magnetic sublattice. A complete antiparallel
alignment between A and B sublattices is evidenced to be not possible in this simple scheme,
since a red arrow is always parallel to three alternated nearest-neighbour blue and black arrows.
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The described magnetic frustration prevents the structure to satisfy all the AFM interactions,
what induces the competition between inter- and intralayer exchanges. In this context, their
relative strengths are the determinant factor in the net magnetic behaviour of these compounds.
On the one hand, the magnetic correlations within a lattice have been identified as relatively
strong AFM, since a direct cation-cation to orbital overlapping connects each magnetic site with
the three edge-sharing octahedra of the same (00z) layer. However, the magnetic dilution effect
of the M3* magnetic sublattice makes this behaviour weaker than expected. On the other hand,
the direct tyq orbital interaction ruling the interlayer AFM behaviour is much stronger, provided
that it is reinforced by three cooperative orbital overlaps among each pair of face-sharing
octahedra. Even though the magnetic dilution of the M3" sublattice also affects these
interactions, the magnetic frustration induced by the incompatibility of inter- and intralayer
behaviours favours the preferential Mn-M coupling due to its discussed stronger character.
Therefore, the collinear AFM coupling of Mn?* and M3 FM sublattices observed for the high
temperautre magnetic structure of ILO_Mn,FeSbOs polymorph can be stabilised.

However, upon cooling down, the structural features evolve to stabilise the unit cell contraction.
In this process, the Mn-M lengths between face-sharing octahedra increase from 2.89 (1) A and
3.02 (1) A at room temperature to 2.92 (1) A and 3.08 (1) A at 4 K for M = Cr and Fe
respectively. Otherwise, the Mn-Mn and M-M distances remain approximately constant (the
variation is found in the third decimal number) to the room temperature values: 3.11 (1) A and
3.01 (1) A respectively for Mn,CrSbOs and 3.14 (1) A and 3.05 (1) A for Mn,FeSbOs. These
differences weaken the interlayer interactions while keeping the intensity of the intralayer ones.
As a consequence both interactions compete, which results in the frustration of the Mn-M AFM
coupling and the concomitant rotation of the spins into an incommensurate helix which
propagates along the z axis.

The propagation vector of this incommensurate structure is evidenced to be strongly
temperature dependent for Mn,CrShQe. This finding, accompanied by its larger «; value, reveals
a much stronger frustration than that of Mn,FeSbOs. In this context, it is worth noting that the
ordering temperature of the Fe containing compound, discussed to be 200 K higher than that of
the Cr containing sample due to the presence of two eq electrons, is close to room temperature
(260 K). This high temperature minimises the competition between the magnetic interactions
ruling the magnetic behaviour of each sublattice and their coupling, thus allowing the
refinement of the NPD data collected at 150 K under a high resolution mode with the collinear
commensurate structure discussed in chapter I11. However, the detection of the incommensurate
structure at low temperatures with such a small propagation vector (x, = 0.07), the small values
of the magnetic moments(2.5 ps and 3.2 ps for Mn?* and Fe®* respectively) and the evidence of
the onset of a spin reorientation transition at T ~ 200 K point to a similar behaviour to that
observed for Mn,CrSbOs: the detected collinear magnetic structure could actually be already
incommensurate, with a smaller propagation vector and a slight and non-detectable rotation of
spins. Note that the low temperature propagation vector of Mn,FeSbQOs stands for a magnetic
unit cell ~ 14 times longer than the crystalline unit cell along the z axis, in contraposition to the
~ 2 times magnetic cell of Mn,CrSbOs. This difference supports the much stronger frustration of
the Cr containing compound, which could agree with the proposed similar thermal evolution of
ILO_Mn,FeShOe.

186



Apendix Il.- Magnetic interactions in ordered corundum derivatives.

The substitution of M by Sc®* discussed in chapter 1V induce the preferential crystallisation of a
NTO structure, instead of the ILO one acquired by Mn,MSbOs M = Cr and Fe compounds. The
diamagnetic character of the 3d® Sc®*" cation simplifies the magnetic behaviour to an AFM
commensurate structure constituted by a single magnetic lattice. The different cationic
distribution in this corundum derivative originates a different definition of the main magnetic
interactions, which can anyway be explained on the basis of the same orbital relations depicted
in Figure A2.1.

Two independent Mn?* sites are now stabilised, which are discussed in chapter IV to be always
located into alternated (00z) layers and sharing their octahedral face with Sb (the so-called Mn1
site) and Sc (Mn2 site). As a result, their only connection among all the described inter- and
intralayer interactions is the octahedral corner-sharing one. Therefore, the only magnetic
interactions developed in this compound are 3d°-3d® superexchange eq-€4 delocalisation through
oxygen at ~ 90 ° angles, which induces the antiparallel alignment of both Mn sites.

The main conclusion arising from this study is the strong dependence of the functional
evolution not only on the nature of the constituting elements but also on the structural features.
The apparently large differences observed among the isostructural Mn,CrShOs and Mn;FeSbhOs
compounds are now justified to arise from similar magnetic behaviours between differently
occupied electron configurations. On the other hand, the magnetic behaviour of a differently
ordered structural derivative has also been justified in terms of the same interaction pathways.
The magnetic behaviour of any corundum derivative polymorph with A;BB'Os composition can
therefore be predicted from the interplay of these interaction pathways. Moreover, the
competition among these wide number of magnetic exchanges can give rise to simple FM or
AFM behaviours in simple ABO; oxides or to complex frustrated systems for more complex
compositions .-

187



Apendix Il.- Magnetic interactions in ordered corundum derivatives.

All.1 - Bibliography:

[1]  Goodenough J.B. Magnetism and the chemical bond. 1964:693. doi:10.1016/0029-
5582(64)90241-X.

[2]  Goodenough J.B. Direct cation- -cation interactions in several oxides. Phys Rev
1960;117:1442-51. doi:10.1103/PhysRev.117.1442.

[3] Wechsler B.A., Prewitt C.T. Crystal structure of ilmenite (FeTiOs) at high temperature
and at high pressure. Am Mineral 1984;69:176-85.

188



Appendix III

Publications arising from this thesis






IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Magnetic and crystal structure determination of anFeSbO6 double perovskite

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2013 J. Phys.: Condens. Matter 25 206004
(http://iopscience.iop.org/0953-8984/25/20/206004)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 138.100.100.200
The article was downloaded on 26/04/2013 at 07:25

Please note that terms and conditions apply.




IOP PUBLISHING

JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 25 (2013) 206004 (6pp)

doi:10.1088/0953-8984/25/20/206004

Magnetic and crystal structure
determination of Mn,FeSbO¢s double

perovskite

A J Dos Santos-Garcia' 3, C Ritter?, E Solana-Madruga1 and

R Siez-Puche!

! Departamento de Quimica Inorgénica, Facultad de Quimicas, Universidad Complutense de Madrid,

E-28040 Madrid, Spain
2 Institut Laue-Langevin, F-38042 Grenoble Cedex, France

E-mail: aj2santosgarcia@gmail.com and aj.dossantos @upm.es

Received 18 February 2013, in final form 4 April 2013
Published 25 April 2013
Online at stacks.iop.org/JPhysCM/25/206004

Abstract

The perovskite form of the Mn;FeSbOg oxide has been obtained at 5.5 GPa and 1523 K.
X-ray and neutron diffraction data reveal that this compound crystallizes in the monoclinic
P21 /n space group with a = 0.5234 nm, b = 0.5389 nm, ¢ = 0.7642 nm and g = 90.372°
lattice parameters. AC and DC magnetic susceptibility measurements suggest the existence of
a complex magnetic behavior below 200 K. The magnetic structure has been determined and
can be described on the basis of an elliptical spiral with an incommensurate propagation
vector, k = [0, 0.426, 0], where the magnetic moments of 2Mn?t and Fe3* cations are

confined to the ac-plane.

(Some figures may appear in colour only in the online journal)

1. Introduction

The perovskite-type structure is one of the typical poly-
morphs exhibited by oxides with ABO;3; stoichiometry.
Compounds crystallizing in this structure have been widely
studied for a long time due to their interesting physical
properties including superconductivity, magnetoresistance,
ferroelectricity and thermoelectricity among others [1-5].
From the crystallographic point of view, the ideal crystal
cubic structure can be described by a three-dimensional
array of corner sharing BOg octahedra where the A sites
are occupied by larger cations which are surrounded by 12
oxygen anions in cubo-octahedral coordination. However,
substitutional derivatives of the ‘simple’ ABOs structure, for
instance perovskites in which the substitution occurs only at
the B site, e.g. A(B6_5Bg_5)03, results in perovskites of lower
symmetry [6, 7].

3 Present address: Chemistry and Polymers Department, (EUITI) Polytech-
nic University of Madrid, C/Ronda de Valencia, 3. E-28012 Madrid, Spain.

0953-8984/13/206004+06$33.00

In particular, AZF (Feg.5Sbgo.5)O3 perovskites have been
synthesized at ambient pressure for A = Ca [8] and Sr [9]
and at higher pressures for A = Mn [10]. Ca(Fe 5Sbg 5)03
is an orthorhombic disordered perovskite characterized by
the presence of antiferromagnetic Fe-rich islands, and
Sr(Feq.5Sbg.5)03 and Mn(Feg 5Sbg 5)O3 are ordered double
perovskites, so the formula can be rewritten as Sr,FeSbOg
and Mn,FeSbOg respectively; both were reported to be
antiferromagnets [11]. The physical properties of the
Mn,FeSbOg phase are of interest, since S = 5/2 MnZt+
moments can couple directly to the S = 5/2 Fe3* states,
leading to complex magnetic order. Moreover, the Sb>T is
prone to form strongly covalent bonds to oxygens, while
Mn?2T, being smaller than other divalent A cations, is
expected to increase the electron—electron correlations in this
compound [12].

We describe here an investigation of the crystal structure
and of the magnetic properties of this ‘A-site’ manganite
synthesized under high pressure conditions. The powder
neutron diffraction experiments allowed determining the
complex magnetic structure of this compound.

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Synthesis, structures and magnetic properties of
the dimorphic Mn,CrSbOg oxide+

Antonio J. Dos santos-Garcia,*® Elena Solana-Madruga,® Clemens Ritter,®
David Avila-Brande,” Oscar Fabelo® and Regino Saez-Puche®

The perovskite polymorph of Mn,CrSbOg compound has been synthesized at 8 GPa and 1473 K. It crystal-
lizes in the monoclinic P2;/n space group with cell parameters a = 5.2180 (2) A, b = 5.3710(2) A, ¢ =
7.5874(1) A and g = 90.36(1)°. Magnetic susceptibility and magnetization measurements show the simul-
taneous antiferromagnetic ordering of Mn2* and Cr** sublattices below Ty = 55 K with a small canting.
Low temperature powder neutron diffraction reveals a commensurate magnetic structure with spins
confined to the ac-plane and a propagation vector xk = [1/2 0 1/2]. The thermal treatment of this com-
pound induces an irreversible phase transition to the ilmenite polymorph, which has been isolated at
973 K and crystallizes in R3 space group with cell parameters a = 5.2084 (4) A and ¢ = 14.4000 (11) A.
Magnetic susceptibility, magnetization and powder neutron diffraction data confirm the antiferromagnetic
helical ordering of spins in an incommensurate magnetic structure with x = [00 0.46] below 60 K, and the
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Introduction

Keeping up with the demands of today’s society relies heavily
on technological innovation and product development. The
search for new materials constitutes therefore one of the fun-
damental aspects of Solid State Chemistry. The studied
materials are usually functional, in the sense that they have
some practical utility derived from the properties of the solid,
that is, magnetism, ferroelectricity, superconductivity, etc.
Lately, there has been a blossoming of multifunctional
materials that combine two or more of these properties. In par-
ticular, multiferroic materials combine ferromagnetism and
ferroelectricity, thereby allowing the control of a magnetic
response through the application of an electric field." In this
context the most studied compounds are those derived from
the archetypal ABO; perovskite which may combine two sublat-
tices, one ferroelectrically active (d°-closed shell cation) and
the other magnetically ordered (d™-open shell cation).® The
special requirement for the simultaneous presence of closed
and open d-shell cations directs the search for new materials

“Departamento de Ingenieria Mecdnica, Quimica y Disefio Industrial, E.T.S.1.D.1,
Universidad Politécnica de Madrid, 28012, Spain. E-mail: aj.dossantos@upm.es
”Departamento de Quimica Inorgdnica, Facultad de Ciencias Quimicas, Universidad
Complutense de Madrid, 28040, Spain

“Institut Laue-Langevin, 38042 Grenoble Cedex, France

tElectronic supplementary information (ESI) available: XRD data, HRTEM
micrographs in different orientations, magnification of the M(H) data for ilme-
nite compound, reciprocal susceptibility and 7 vs. T plots as well as different
views of the magnetic structures. See DOI: 10.1039/c4dt03849¢
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temperature dependence of the propagation vector up to x = [00 0.54] at about 10 K.

displaying both properties.* In this sense, high pressure has
been widely used to induce phase transformations and syn-
thesize new compounds.® Fig. 1 shows a drawing of a set of
ABO; compounds which, according to their Goldschmidt tole-
rance factor (t = (rx + ro)/A/2 (rs + ro)) where 4, 7 and ro are
the ionic radii of A and B cations and oxygen respectively) crys-
tallize with different crystal structures. For the ideal cubic
perovskite, ¢ is unity, although diverse distorted perovskite
structures of lower symmetry can exist for values greater than
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Fig. 1 Symmetry adopted by ABOs oxides as a function of Goldschmidt
tolerance factor, t. A structural type can also be accessible by high
pressure phase transformation (+P).
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High pressure synthesis of polar and non-polar
cation-ordered polymorphs of Mn,ScSbOg7
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Two new cation-ordered polymorphs of Mn,ScSbOg¢ have been synthesised at high-pressure. At 5.5 GPa
and 1523 K Mn,ScSbOg crystallizes in the NizTeOg-type structure with the polar R3 space group and cell
parameters a = 5.3419 (5) A and ¢ = 14.0603 (2) A. Below T¢ = 42.0 K it exhibits ferrimagnetic order with a
net magnetization of 0.6up arising from unusual site-selective Mn/Sc disorder and is thus a potential
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. Introduction

Material properties are dependent upon atomic arrangement
and the degree of order can be tailored by controlling the
pressure-temperature conditions and bulk composition. At a
given pressure P and temperature 7, there are different poss-
ible atomic arrangements that correspond to local minima of
free energy, the lowest-energy conformation being the thermo-
dynamically-stable phase. However, high pressure and high
temperature (HPHT) synthesis conditions may favour higher-
energy minima and metastable phases, making them kineti-
cally stable under ambient conditions and therefore
recoverable.

Amongst transition metal oxides, HPHT helps to stabilize
unusual oxidation states and environments that result in
useful properties, e.g. the room temperature ferromagnetic
metal CrO,." Moreover, HPHT promotes interesting structural
mechanisms. The ilmenite (IL) FeTiO;, for example, crystal-
lizes in the space group R3 with Fe and Ti stacked into alter-
nate layers along the c-axis.”> It transforms into an
unquenchable distorted perovskite (Pv) structure (space group
Pbnm) at 16 GPa and converts back into a polar LiNbO;-type

“Dpto. Quimica Inorganica, Universidad Complutense de Madrid, Av. Complutense
sn, 28040-Madrid, Spain. E-mail: esolana@ucm.es
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Edinburgh, Mayfield Road, EH9 3]Z, UK
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1 Electronic supplementary information (ESI) available. CCDC 1428909-1428911.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c5dt03445k
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multiferroic material. A double perovskite phase obtained at 12 GPa and 1473 K crystallizes in the non-
polar P2,/n monoclinic space group with cell parameters a = 5.2909 (3) A, b = 5.4698 (3) A, c = 7.7349 (5) A
and p = 90.165 (6) °. Magnetization and neutron diffraction experiments reveal antiferromagnetic order
below Ty = 22.3 K with the spins lying in the ac plane.

(LN, space group R3c¢) with Fe and Ti cations being ordered in
the same layers.>*

Moreover, ABO; oxides with Mn?* on the A site are of funda-
mental interest due to the electronic and magnetic pheno-
mena that emerge from the coupling of spin, charge and
orbital degrees of freedom. HPHT conditions are often needed
to stabilize MnBO; materials, e.g. perovskite-type MnVO; with
an incommensurate magnetic structure and metallic conduc-
tivity,> and LiNbO-type MnTiO5-II with a weak ferromagnet-
ism through anisotropic exchange interactions.® The use of
HPHT on ordered quaternary systems (AA'B,Og or A,BB'Og) is a
relatively less explored area with only a few reports.””® Amongst
these, Mn,FeB'O; (B’ = Ta and Nb) with a LN-type structure’ or
(B' = Mo, W) with the Ni;TeOgtype (NTO)'*'" order shows
polar and magnetic properties, while Mn,BSbO4¢(B = Fe and
Cr) shows polymorphism between the IL- and double perovs-
kite-types (DPv) depending on whether they are synthesized at
moderate (3-5 GPa) or higher pressures (5.5-8 GPa).'*"?

In this work, we present the order-disorder effects on the
high pressure polymorphs of Mn,ScSbO, oxide. Mn and Sc
cations are randomly distributed in a corundum-related type
structure when this material is synthesized under ambient
conditions and it shows no long-range magnetic ordering.'*
The double perovskite (DPv) can be achieved with pressures
higher than 10 GPa, but below 5.5 GPa the polar NTO-struc-
ture is obtained. NTO_Mn,ScSbO, shows an unusual ferrimag-
netism due to partial substitution of non-magnetic Sc*" at just
one of the two Mn?" sites, whereas DPv_Mn,ScSbOg is anti-
ferromagnetic. Combined X-ray and powder neutron diffrac-
tion refinements and electron micro-diffraction experiments
confirm the non-centrosymmetry of the NTO_Mn,ScSbOg poly-
morph allowing a structural polarization that is predicted to
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Double Double Cation Order in the High-Pressure Perovskites

MnRMnSbOj
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Abstract: Cation ordering in ABOj perovskites adds to their
chemical variety and can lead to properties such as ferrimag-
netism and magnetoresistance in Sr.FeMoOy. Through high-
pressure and high-temperature synthesis, a new type of “double
double perovskite” structure has been discovered in the family
MnRMnSbO4 (R= La, Pr, Nd, Sm). This tetragonal structure
has a 1:1 order of cations on both A and B sites, with A-site
Mn*t and R** cations ordered in columns and Mn** and Sb°*
having rock salt order on the B sites. The MnRMnSbO, double
double perovskites are ferrimagnetic at low temperatures with
additional spin-reorientation transitions. The ordering direc-
tion of ferrimagnetic Mn spins in MnNdMnSbOg changes from
parallel to [001] below T-=76 K to perpendicular below the
reorientation transition at 42 K at which Nd moments also
order. Smaller rare earths lead to conventional monoclinic
double perovskites (MnR)MnSbOy for Eu and Gd.

AB03 perovskite oxides are a versatile class of materials
with many notable physical and chemical properties. Further
important variation arises from cation ordering within the
basic structural arrangement. A 1:1 cation order in perov-
skites can occur in (100) layered, (110) columnar, or (111)
rock salt arrangements, with cations ordered parallel to the
cubic perovskite planes indicated. All three types have been
observed for both A-cation-ordered AA'B,O¢ and for B-
ordered A,BB'O, double perovskites,! amongst which lay-
ered AA'B,O4 and rock salt A,BB’O¢ orders are the most
common.”” However AA'BB'O; “double double perovskites”
with simultaneous 1:1 cation order at both A and B sites are
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much rarer, and only one of the nine possible combinations
has previously been reported. This type combines the
common (100) A-cation layered and (111) rock salt B-
cation orders in several examples, such as NaLaMgWO, and
NaLaScNbO..?* We report herein a new double double
perovskite type that has been discovered as part of an
investigation of perovskites with Mn*" ions at A sites.

A”" cations in perovskites synthesized at ambient pressure
are typically large, nonmagnetic atoms, such as A =Ca, Sr,
Ba, Pb. However, materials with the smaller high-spin Mn?*
ion at A sites have been synthesized under high-pressure and
high-temperature conditions. This may introduce additional
magnetic functionality as found in MnVO; perovskite which is
metallic due to itinerancy of the V** 3d' states as in CaVO;
and SrVO;, but also has coexisting helimagnetic order of
localized S=5/2 Mn?>* spins.”! Several Mn,BB'O; double
perovskites have also been synthesized at high pressures.%”]
Mn,FeSbOy has low-temperature incommensurate antiferro-
magnetic Mn spin order.!! Mn,FeReO4 has a high Curie
temperature of 520 K and similar ferrimagnetic and spin-
polarized conducting properties to the much-studied magne-
toresistive material Sr,FeMoOQj, but also shows a novel switch
from negative to large positive magnetoresistances at low
temperatures driven by Mn?>" spin ordering.”'” In contrast,
Mn,MnReOg (Mn;ReOy) shows successive antiferromagnetic
ordering transitions for Re and Mn spins at 99 and 109 K,
respectively."!! Our subsequent investigation of possible rare
earth (R) double perovskites Mn,RSbOy, reported herein, has
led to the discovery of a new double double perovskite type
for MnRMnSbOg with large R cations, as well as more
conventional (MnR)MnSbOg double perovskites formed for
smaller rare earth metal ions.

MnRMnSbOg¢ materials were synthesized at 10 GPa
pressure and 1473 K in a Walker-type multianvil apparatus.
Further experimental details are given in the Supporting
Information. Small single crystals of MnNdMnSbO, were
separated from the Pt capsule following a slow cooling
experiment. Powder X-ray diffraction patterns (Figure 1a,b)
collected at the ALBA synchrotron showed that two different
perovskite-related structures are formed, with large cations
(R=La, Pr, Nd, or Sm) giving rise to one type of structure,
whereas the smaller Eu and Gd centers lead to the formation
of a different arrangement. The latter structure was identified
as a conventional A,BB’O¢ double perovskite with a typical
monoclinic P2,/n distortion. Mn*" and R*" cations are
disordered over the A sites while Mn*" and Sb>" have rock
salt order over B and B’ sites.

The new double double MnRMnSbOy perovskite super-
structure adopted by large R cations was solved through X-
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